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Abstract 
Neural crest cells are a special group of embryonic cells which are able to 
.migrate from the dorsal part of the neural tube (embryonic structure of the brain 
and the spinal cord) into the underlying mesenchyme and form different types of 
tissues in the embryo. Neural crest cells that contribute to the heart tissues are 
termed cardiac neural crest cells. Li the present study, in situ labelling with dyes 
and orthotopic grafting of dye-labelled tissue fragments were used to locate the 
cardiac neural crest region along the length of the neural tube and map out the 
temporal and spatial patterns of migration of neural crest cells in the mouse 
embryos at different developmental stages. It was found that cardiac neural crest 
cells that migrated to the developing heart were located in the hindbrain neural 
tube at the level of somite 1 to somite 4. The neural crest at other levels of the 
neural tube did not give rise to cells that form cardiac tissues. Cardiac neural crest 
cells were found to begin their migration at the 7- to 8-somite stage and their 
migration from the neural tube ceased at the 22- to 23-somite stage. At the 9-
somite stage, some cardiac neural crest cells had already left the neural tube and 
went into the underlying mesenchyme. They then migrated ventrally along three 
different pathways: (1) along the mesenchyme between the neural tube and the 
somite; (2) along the mesenchyme between the neural tube and the surface 
epithelium; and (3) along the mesenchyme in the intersomitic space between two 
consecutive somites. At the 17-somite stage, cardiac neural crest cells migrated 
more ventrally along a subectodermal pathway that extended from the dorsal part 
i 
of the neural tube to the mesenchymal region dorsolateral to the primitive 
pharynx. At the 21-somite stage when the third and fourth branchial arches 
started to expand, some cardiac neural crest cells migrated laterally to the 
expanding branchial arches. However, no ventral migration occurred at this stage. 
By the 26-somite stage, the ventral migration of neural crest cells resumed, and 
some cardiac neural crest cells migrated to the mesenchyme ventral to the 
primitive pharynx. At the 32-somite stage, cardiac neural crest cells reached the 
developing heart and contributed to cells in the cardiac outflow tract, ventricular 
wall and atrial wall. 
By using inert latex beads as a marker for the study of passive movement 
of cells, it was found that the migration of neural crest cells from the dorsal part of 
the neural tube to the region dorsolateral to the dorsal aorta is partially passive 
while the migration that took place in regions ventral to the dorsal aorta appeared 
to be active. 
Results on the immunohistochemical staining of the cardiac neural crest 
cells with a neurofilament-specific antibody suggested that apart from 
participating in the formation of the aorticopulmonary septum, cardiac neural crest 
cells located in the epimyocardium of the ventricular wall and atrial wall may 
form cardiac ganglia. However, cardiac neural crest cells inside the developing 
heart did not differentiate into cells of conduction system. 
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(Results on the in situ labelling were reported in thel7th Annual Conference of 
the Hong Kong Society of Neurosciences, 13-14 December 1996 and will be 
published in Neuroscience Letter (Supplement), 1997. Results on the orthotopic 
grafting were also reported in the Genetic Society/ British Society for 
Developmental Biology Joint Spring Meeting in University of Warwick, UK, 19-
21 March 1997 and were published in the Proceedings of the Meeting) 
" ^ • • • 
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Chapter one: General Introduction 
Chapter One. General Introduction 
1'1 Neural crest cells and cardiac neural crest cells 
In higher vertebrates, the central nervous system of the developing 
embryo first appears at the early stage of organogenesis as a thickened epithelial 
layer which is derived from the embryonic ectoderm (Fig. 1.1 A). The edges of 
this neural ectoderm elevate into neural folds and a shallow neural groove which 
forms in the middle of the neural ectoderm divides the neural ectoderm equally 
into two halves (Fig. 1.1 B). As the lateral neural folds continue to elevate, 
fusion of the lateral folds in the middle of the dorsal body axis results (Fig. 1.1 
C) and the thickened neural ectoderm forms the neural tube, an embryonic 
structure that gives rise to the future central nervous system (brain and spinal 
cord). During fusion of the neural ectoderm, the surface epidermis becomes 
continuous over the dorsal side of the neural tube (Fig. 1.1 D) (Le Douarin, 
1982). A group of cells which is originated from the crest of the closing neural 
plate and is left underneath the epidermis on the dorsal side of the neural tube is 
termed ‘neural crest cells' according to their site of origin (Fig. 1.1 D) (Le 
Douarin, 1982，Kirby et al., 1983; Kirby, 1989，1990，1993). 
The process whereby the neural tube is formed (i.e. the neurulation 
process) is different among different classes of living organisms. For instance, 
t i fish embryos and the posterior part of avian embryos, the neural tube is not 
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Fig 1.1 Left panels are the schematic drawings of the dorsal 
view of mouse embryos at progressively more advanced 
developmental stages and the right panels are the schematic 
drawings of a transverse section taken along the dotted line shown 
in the corresponding left panels. 
(A) Mouse embryo at the presomitic stage: The neural epithelium 
(NE) is located at the dorsal midline of the embryo, and 
transverse section shows that the neural epithelium (NE) is 
elevating to form a V-shape structure. Neural crest cells at the 
lateral margins of the neural epithelium are not distinct. 
(B) Mouse embryo at the 3-somite stage: The neural epithelium 
(NE) continues to elevate and the lateral margins of the neural 
epithelium (NE) are approaching toward each other. The 
neural crest cells at the lateral margins of the neural epithelium 
are still not distinct. 
(C) Mouse embryo at the 7-somite stage: The lateral margins of 
the neural epithelium (NE) are very close to each other but 
have not yet fused. The neural crest cells at the lateral margins 
have begun their migration from the neural epithelium to the 
subjacent mesenchyme. 
(D) Mouse embryo at the 9-somite stage: The lateral margins of 
the neural epithelium have already fused to form a close neural 
tube (NT). The overlying surface epithelium (SE) also fuse to 
form a complete epithelium. The neural crest cells continue 
their migration from the neural tube in the mesenchyme 
between the neural tube and the surface epithelium. 
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formed from inward folding of the neural ectoderm, tistead, the thickened 
neural neural ectoderm separates from the rest of the surface epithelium and a 
neural tube is formed by cavitation of the solid medullary tissue (Weston, 1970; 
Balinsky, 1975). Neural crest cells which are derived from the neural tube are a 
population of cells that are however unique to vertebrates and higher chordates. 
In bird embryos, neural crest cells emerge from the closed neural tube. The 
neural ectodermal cells in the crest region undergo an epithelial-to-mesenchymal 
transformation during which the ectodermal cells change their epithelial 
appearance to become mesenchymal cells. The neural crest cells then leave the 
lateral edges of the neural ectoderm and go into the mesenchyme of the embryo. 
As this population of mesenchymal cells is originated from neural ectoderm, 
these cells are also referred to as ectomesenchyme to distinguish them from the 
mesodermally derived mesenchymal cells (Le Douarin, 1980). The formation of 
neural crest cells follows the craniocaudal sequence of the neural tube closure 
(Bancroft and Bellairs, 1976; Tosney, 1978). Li mammalian embryos, there is 
also a craniocaudal progression of neural crest formation; however, the 
emergence of neural crest cells in the cranial region seems to be unrelated to the 
sequence of the formation of the closed neural tube (Nichols, 1981; Tan and 
Morriss-Kay, 1985, 1986). ]n mouse embryos, for example, the neural crest 
cells in the mesencephelic region start to leave the neural tube when the neural 
tube is still widely open (Chan and Tam, 1988). 
Neural crest cells along the craniocaudal axis can be divided into two 
major regions: cranial and trunk. The cranial neural crests are located in the 
2 
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dorsal neural tube extending from the mid-diencephalon to the caudal limit of 
the fifth somite, whereas the trunk neural crest begins from the sixth somite to 
the caudal of limit of the neural tube (Le Douarin, 1982). After leaving the 
lateral edges of the neural tube, both the cranial and trunk neural crest cells 
migrate along different pathways in the mesenchyme to give rise to different 
types oftissues of the embryo (Fig 1.2). The derivatives of the trunk neural crest 
cells include ganglionic neurons and their supporting cells such as Schwann 
cells, and melanocytes (Le Douarin, 1980). Li addition to these cellular 
derivatives, the cranial neural crest cells also form mesenchymal tissues which at 
later developmental stages give rise to connective tissues, cartilages and bones in 
the craniofacial region. 
Neural crest cells from both the cranial and trunk regions are also related 
to the heart development (Kirby, 1990). Sympathetic postganglionic neurons of 
the heart are derived from the trunk neural crest. Neural crest cells from the 
cranial region play a dual role in the heart. Parasympathetic innervation of the 
heart is from cardiac ganglia located in plexuses at the venous and arterial 
portion of the heart and at the epicardium of the heart. Li the chick embryo, 
these ganglia are all derived from the cranial neural crest at the craniocaudal 
level extended between the mid-otic placode and the third somite. Neural crest 
cells from this region also migrate through the third, fourth, and sixth branchial 
arches, making a cellular contribution to the arch derivatives, including aortic 
arch arteries, thymus, thyroid and parathyroid. Some neural crest cells migrate 
beyond the pharyngeal arches, enter the aortic sac, seed the wall of cardiac 
3 
Chapter one: General Introduction 
outflow tract and participate in the formation of the aortiopulmonary septum 
(Kirby et al., 1983). These ectomesenchymal cells are also involved with 
cardiovascular development and persist in adult cardiovascular structures, such 
as the tunica media of the great arteries (Kirby, 1993). As the cranial neural crest 
cells in the region of the neural tube extended between the mid-otic placode and 
the third somites participate in the cardiac development, the neural crest of this 
region is named ‘cardiac neural crest’ and the neural crest cells derived from that 
region are termed ‘cardiac neural crest cells'(Kirby et al., 1985). 
To recaputulate, neural crest forms at the lateral margins of the open 
neural tube or the dorsal part of the closed neural tube. The cells in the crest 
region change from epithelial cells to mesenchyme cells and then leave their 
origin to go to the mesenchyme. The crest cells then move along specific 
migration pathways to localize different regions of the embryo where they 
differentiate into different types of tissues. It has been suggested that the 
migration of the neural crest cells may be actively triggered by their own 
migration initiative (Chan and Tam, 1988), passively directed by surrounding 
tissues or environmental cues (Noden, 1983, D'Amico-Martel and Noden, 1983) 
or driven by a combination of active and passive forces originated from their 
own cellular programme and the surrounding environment (Chan and Lee, 
1992). Hence, the terms used in the following chapters such as migration, 
emigration, move, leave, translocation and displacement do not have any 
implication on how it is achieved. 
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1'2 The role of cardiac neural crest cells in the septation of the outflow 
tract 
The importance of neural crest cells in cardiovascular system formation 
was first documented by Le Lievre and Le Douarin (1975). They transplanted 
quail neural crest into chick embryos and found that the entire 
musculoconnective tissue wall of the large arteries arisen was composed of 
neural crest cells of quail origin. They also noted that the transitional zone 
between the truncus arteriosus and the aortic sacs of the upper cardiac outflow 
tract contained a mixture of quail and host cells. Later, Kirby et al. (1983) 
showed the dual origin of mesenchymal cells in the developing outflow tract. 
One population of cells was derived in situ from the endocardium, and the 
second population was derived from cells migrated from the pharyngeal region. 
The relationship between neural crest cells and outflow tract tissues becomes 
clear when various parts of the cranial premigratory neural crest cells were 
ablated in chick embryos (Kirby, 1983). This ablation study showed the 
importance of the presence of neural crest cells in the development of the 
outflow tract because when the neural crest cells were removed, outflow tract 
malformations were resulted (Kirby et al, 1983). It was proposed that the neural 
crest cells are involved in the development of cardiac outflow tract septation. 
However, how the cardiac neural crest cells translocate or migrate from the 
neural tube to the developing heart is still unknown. 
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The migration of the cardiac neural crest cells was studied by Miyagawa 
and Kirby (1989). By using quail-to-chick transplantation, their studies showed 
that cardiac neural crest cells migrate from the neural folds into pharyngeal 
arches 3，4，and 6. The largest population of neural crest cells in the outflow tract 
is derived from the region of the neural folds that populate pharyngeal arch 4 
(Phillips et al., 1987). ]n the pharyngeal arches, the cells derived from the neural 
crest provide structural support by forming the tissues surrounding the 
endothelium of the aortic arches arteries (Bockman et al., 1989). Some cells 
migrate from the pharyngeal arches into the outflow tract in which they form the 
aortiopulmonary septum and populate the truncal folds (the craniocaudal 
elongations of aortiopulmonary septum) (Sumida et al., 1989). At the late stage 
of development, the neural crest cells are located between the proximal aorta and 
pulmonary trunk. A few of neural crest cells are scattered in the cusps of the 
arterial valve. (Sumida et al., 1989). Cranial to the semilunar valve, the neural 
crest cells form smooth muscle of tunica media of the large arteries derived from 
the aortic arch arteries (Le Douarin and Teillet, 1984). The neural crest cells 
interact with the pharyngeal endoderm to form other derivatives of the 
pharyngeal apparatus including the thymus, thyroid and parathyroid (Le Douarin, 
1982). 
Cardiac neural crest is a unique population of cells in contributing to the 
cardiac outflow tract formation. When the cardiac neural crest of the neural tube 
is removed and replaced by cranial or trunk neural crest, persistent truncus 
arteriosus (non-septation of the outflow tract) results (Kirby, 1989) and these 
6 
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findings are quite contrast to the other regions of neural crest that have been 
presumed to be developmentally non-determined or plastic. This means that the 
fate of cardiac neural crest cells is predetermined early in development. The 
addition of excessive amount of cranial neural crest (the entire segment of 
cardiac neural crest) to the cardiac neural crest also results in persistent truncus 
arteriosus. It seems that the addition of excessive amount of cardiac neural crest 
may interfere with the contribution of cardiac neural crest to form the outflow 
tract septation. Another series of experiments showed that the ectomesenchyme 
was generated from the nodose placode after removal of the cardiac neural crest 
(Kirby, 1988a, b). The nodose placode is immediately caudal to the otic placode 
and generates the neurons that carry sensory information from the thoracic and 
abdominal viscera to the brainstem. Under normal conditions, the nodose 
placode has no non-neuronal derivatives. However, in the absence of cardiac 
neural crest, the ectomesenchyme produced by the nodose placode migrates to 
the aortic sac and truncal cushions but it is not capable of causing the outflow 
septation (Kirby, 1990). The cells derived from the nodose placode seem to 
mimic the cells derived from the neural crest in that they differentiate into the 
smooth muscle in the wall of great arteries (Kirby, 1990). The incapability of 
these alternate population of cells in supporting the outflow tract septation 
indicates the uniqueness of the ectomesenchymal cell population in the cardiac 
neural crest. 
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1'3 Neural crest-rekited malformations 
Ablation of premigratory cardiac neural crest results in a variety of 
malformations of heart and great vessels (Kirby et al., 1985; Besson et al., 1986; 
Nishibatake et al., 1987). For example, persistent truncus arteriosus results very 
predictably if the entire cardiac neural crest is removed. An obligatory 
component for the positive identification of persistent truncus arteriosus is the 
presence of the of a single outflow valve. The single valve has four to six cusps. 
The presence or absence of aortiopulmonary septum appears to depend on the 
completeness of the cardiac neural crest ablation. On the other hand, the 
ventricular septal defect is always a component of this defect (Nishibatake et al., 
1987). The position of a single outflow tract with respect to the ventricles is 
variable. It can arise entirely from the right or left ventricle or can straddle the 
interventricular septum. The most common configuration is that the vessels 
arise entirely from the right ventricle. This does not appear to correlate with the 
presence of any other morphological abnormalities, such as nonpersistence of the 
right or the left aortic arch arteries (Nishibatake et al., 1987). 
Ablation of a small area within the cardiac neural crest results in a 
spectrum of defects that have been classified under the generalized title of 
dextroposed (or overriding) aorta (Nishibatake et al., 1987). These 
malformations include double outlet right ventricle, tetralogy of Fallot and 
Eisenmenger's complex. Transposition of the great arteries occurs infrequently 
after neural crest ablation (Nishibatake et al., 1987). 
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With regard to the malformations of the aortic arch artieries, a variable 
occurrence of interrupted aortic arch, or anomalies of the other great arteries, 
including the persistence of some vessels that should disappear is associated 
with the cardiac defects. Jn the chick, the definitive aorta (fourth arch artery) is 
on the right rather than on the left as in humans. After neural crest ablation, the 
aorta on the left side occasionally persists so that there are bilateral aortic arches 
or persisting left-sided aorta with the disappearance of right-sided aorta. The 
carotid vessels (third arch arteries) are also frequently interrupted. Li very severe 
cases, there is a single persisting vessel that connects the heart with the dorsal 
aorta (Rosenquist et al., 1989). 
Removal of cardiac neural crest cells would also lead to inflow 
anomalies. Neural crest ablation causes changes in atrioventricular alignment. 
The inflow tract anomalies include tricuspid atresia, tricuspid stenosis, straddling 
of tricuspid valve, and double inlet left ventricle. Atrioventricular septal defect 
occurs infrequently after neural crest ablation (Nishibatake et al., 1987). In the 
studies of the relationship between the neural crest and heart malformations 
using chick embryos as the animal model, there is an obligatory relation between 
inflow and outflow anomalies. Chick embryos with inflow anomalies caused by 
ablation of the neural crest always showed persistence truncus arteriosus or one 
of the dextroposed aorta anomalies. This is quite different from the occurrence 
of these defects in humans where outflow tract anomalies very rarely appear with 
inflow anomalies. On the other hand, outflow anomalies in the chick occur most 
commonly with no signs of inflow anomalies (Nishibatake et al., 1987). 
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During development of the venous system, even though there are severe 
defects in the heart and arteries derived from the aortic arch arteries, neither 
systemic nor pulmonary venous anomalies occur after cardiac neural crest 
ablation (Phillips et al., 1989). 
Removal of the cardiac neural crest also affects development of all the 
structures in the pharyngeal arches, resulting in non-cardiovascular defects. 
Hence, the thymus, parathyroid, thyroid glands, all of which obtain their stroma 
from neural crest in the pharyngeal arches, are affected (Bockman and Kirby, 
1984). The neural crest migrating into pharyngeal arches 1 and 2, which develop 
into the lower face and upper neck, is cranial to the cardiac neural crest region 
(Noden, 1983); thus facial structures are not usually affected by cardiac neural 
crest removal. 
The cardiac parasympathetic innervation is also derived from the cardiac 
neural crest. Upon cardiac neural crest ablation, however, there is no deficiency 
in parasympathetic innervation of the heart which is due to the fact that 
ectomesenchymal cells derived from the nodose placodes migrate to the heart 
and reconstitute the cholinergic cardiac plexus in the absence of cardiac neural 
crest (Kirby, 1988b). 
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L4 Earlv chanses in cardiovascular development induced b\ neural crest 
ablation 
The changes in cardiovascular development induced by neural crest 
ablation can be classified into three major aspects: morphological, structural and 
functional. 
Morphological changes in the heart and aortic arch artery occur while the 
heart is still in the looped stage which is long before septation of the outflow 
tract normally occurred (Bockman et al., 1987). Leatherbury et al. (1990) noted 
the dilation of primitive ventricle and incomplete looping of the cardiac tube 
after neural crest ablation. For the aortic arch arteries, the quantity and the 
distribution of mesenchyme are altered in the pharyngeal arches surrounding the 
aortic arch arteries. Li the normal embryo, the endothelial tube of aortic arch 
arteries in the pharyngeal arches are centrally located, and completely ensheathed 
in mesenchyme, ln experimental animals with neural crest removed, a large 
portion of endothelium of these vessels is directly apposed to the pharyngeal 
epithelium, without intervening mesenchyme (Bockman et al., 1989). 
Structural changes occur when neural crest is removed. Elastogenesis is 
propagated downstream along the developing great arteries in an orderly 
proximodistal sequence by the ectomesenchyme. Ultimately, a laminated elastic 
matrix continuum is present in the tunica media of all of the elastic vessels 
(Rosenquist et al., 1988). Rosenquist et al. (1988) hypothesized that 
elastogenesis is a critical event in the outflow tract septation. When the cardiac 
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neural crest is removed, the rate of downstream propagation of the elastic matrix 
in the developing great arteries is retarded, and the spatial configuration of the 
elastic matrix in older embryos is disordered. At the same time, collagen I and 
ni, which are normally highly ordered in the walls of the great arteries, lose their 
distinct spatial order in arteries while lacking the cardiac neural crest 
(Rosenquist et al., 1989). 
Functional changes, which are usually accompanied by morphological 
changes, appear early in development following neural crest removal. By using 
microcinephotography to study ventricular function in chick embryos at stage 
18, a number of functional deficiencies have been noted at this early stage 
(Leatherbury et al., 1990). These include decreased emptying of the bulbus 
cordis, incompetent truncal cushions, and lack of blood flow in the fourth right 
aortic arch artery with increased blood flow in the third right aortic arch artery . 
At the same time, all of the indications of contractility including the shorten 
fraction, wall velocity and ejection fraction are markedly depressed. However, 
despite these functional changes, cardiac output is normal because of the 
ventricular dilation. This suggests that an embryo in the process of developing a 
heart defect is able to compensate for the insult by dilution of the ventricle. 
Tomita et al. (1990) demonstrated some important factors in the self-
selection of the experimental embryos between days 3 and 11 of incubation. 
Heart rate, ejection fraction, stroke volume, and the cardiac output were 
measured in all embryos on day 3 of incubation. Embryos that lived until day 11 
12 
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had significantly higher ejection fraction, stroke volume, and cardiac output on 
day 3 of incubation than those did not live to day 11. 
These findings reveal the fact that functional and morphological changes 
occur before the time when the predicted structural defects of septation become 
apparent in the heart. Cardiac function may be maintained during development 
at the expense of morphology. There may be physiological compensations in 
response to early morphological alterations that maintain cardiac function 
within the normal range (Jackson et al., 1989). Leatherbury et al. (1990) further 
suggest that the mechanism of compensation for depressed contractility is 
ventricular dilation. This in tum interferes with complete looping of cardiac 
tube, which hinders normal alignment of the developing inflow and outflow 
tracts. The spectra of dextroposed aorta and atrioventricular malalignment, 
which were discussed in 1.3, are results of these alterations. 
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/•5 Exverimental stratesies commonly employed in tracins the 
premisratory neural crest cells 
Liformation concerning the neural crest in mammals is relatively 
incomplete in comparison with amphibians and birds, and is restricted to a 
handful morphological studies which are only able to provide a series of static 
pictures of a dynamic process (Nichols, 1981; Erickson and Weston, 1983; Tan 
and Morriss-Kay, 1985; Chan and Tam, 1988). The major difficulty in studying 
the migration and differentiation of neural crest cells is that the neural crest cells 
are indistinguishable from the surrounding mesodermal tissues morphologically 
and histologically after they have left the neural epithelium. Therefore, the exact 
migratory process and cellular differentiation cannot be followed directly and 
some methods for marking neural crest cells are required in order to study the 
subsequent stages of neural crest cell migration and differentiation. The analysis 
of the formation, migration, and the developmental fate of the neural crest cells 
are highly dependent on the different methods for tracing the neural crest cells. 
Jn the following sections, different methods employed in studying the neural 
crest cells are described and compared. 
An indirect solution has been offered by injecting neural crest cells into 
the decidual swellings in utero and then following the migration differentiation 
of the cells into melanocytes (one of the neural crest cell derivatives). The study 
was based on the assumption that there was a reasonable chance of successful 
injections into the conceptus (Jaenisch, 1985). Apart from the drawback of a 
14 
Chapter one: General Introduction 
poor success rate (approximate 15%), this technique also suffers from the more 
serious disadvantage of invisibility of the injection site. In addition, this 
technique is only applicable to the study of a single neural crest derivative 
(melanocytes). 
Attempts to study mammalian neural crest cell behaviour by direct 
means have to meet two conditions. First, the embryo during organogenesis must 
be accessible to injection. Subsequent healing, growth and development of the 
embryo should be able to proceed normally. This requirement is well satisfied 
with modem methods of embryo culture, which are now established for growing 
both rat and mouse embryos in vitro (New, 1978). Li particular, rat embryos 
may be cultured for up to 4 days from pregastrula and head-fold stage (0 -5 
somite stage) onwards until the appearance of the forelimb bud (New et al., 
1976; Buckley et al., 1978). For mouse embryos, they can developed normally 
in in vitro culture system for 48 hours from 1-5 somite stage onwards (Trainor 
and Tam, 1995). The second criteria is the availability of an in situ cell marker 
to distinguish crest cells from the mesodermal cells. The ideal cell marker 
should be able to pass to the mitotic descendents, cell localized without any non-
discriminative intercellular transfer, neutral, stable and easily detected in tissue 
sections (McLaren, 1976). There are genetic markers with some of these 
criteria. Recently, Conway et al. (1997) tried to demonstrate that expression of 
genetic marker, Pax3, can serve as a marker of cardiac neural crest cells in the 
mouse embryo. Li their studies, they claimed that Pax3-positiwt cells are cardiac 
neural crest cells and colonize the cardiac outflow tract of the mouse embryo at 
15 
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10.5 days of gestation. However, Pax-3 is expressed in the cardiac neural crest 
cells at 10.5 days of gestation only. Owing to its transient expression of Pax-3, 
their results cannot reveal the entire migration pathway of the cardiac neural 
crest cells. 
HNK-1, a monoclonal antibody which identifies neural crest cells in 
many vertebrate embryos, has been used in many experiments for the studies of 
migration patterns of neural crest cells (Vincent and Thiery, 1984; Rickmann et 
al., 1985; Bronner-Fraser, 1985; Loring and Erickson, 1987, Kuratani and Kirby, 
1991). However, HNK-1 antibody is not specific to mouse neural crest cells. It 
also recognizes other cells types with adhesion molecules on their surface. 
Molecules which are specifically expressed in mouse neural crest cells 
have yet to be identified. Nichols (1981, 1986) introduced a histochemical 
method using toluidine blue to find out the early migratory pathway of neural 
crest cells at cephalic levels of mouse embryos. However, the staining was lost 
when the crest cells went deep into the mesoderm. Hence, by using this method, 
it is difficult to distinguish between neural crest cells in the advanced migratory 
stages and mesoderm-derived mesenchymal cells. 
The alternative would be using of exogenous markers. These have been 
well exploited in the past to provide the spatial information in a variety of 
embryonic tissue transplantation experiments (Tan and Morriss-Kay, 1986; Chan 
and Tam, 1988) as well as in situ labelling experiments (Chan and Tam, 1988, 
Serbedzija et al., 1992). There have been reports of a few exogenous cell 
markers including horseradish peroxidase (Weisblat et al., 1978), fluorescein/ 
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rhodamine isothiocyanate (Butcher et al., 1980), fluorescein-lysine-dextran 
(Gimlich and Cooke, 1983)，and carboxyfluorescein diacetate succinyl ester 
(Bronner-Fraser, 1985). These markers have common properties of being 
uptaken by cells and stored in cytoplasmic organelles; they are usually large 
molecules and are unlikely to pass through intercellular gap junction. However, 
they are highly subjected to bleaching when exposed to light so they are 
sometimes difficult to be employed in the study of neural crest cell migration. 
Recently, a group of tracer proteins became popular in tracing cranial neural 
crest cells (Chan and Tam, 1988). This group of proteins is lectins, which 
include wheat germ agglutinin (WGA, relative molecular mass 35,000) derived 
from Triticum vulgaris (Sharon and Lis, 1972; Goldstein et al, 1978). Cells 
exposed to WGA are able to internalize the ligand into the cytoplasm by 
absorptive endocytosis (Gonatas et al., 1980). The short-term fate of these cells 
may then be followed in histological preparations by tagging the WGA with a 
second marker in form of an enzyme (e.g. horseradish peroxidase), fluorochrome 
or radioisotope (Trojanowski, 1983), or metal (gold, ferritin). Alternatively, the 
ligand may be used on its own and subsequently visualized by 
immunohistochemical methods using antiserum directly against WGA 
(Sofroniew, 1983). 
The use of WGA for cell marking in many studies is justified on the 
following grounds. The binding affinity of WGA for A -^acetyl glucosamine 
residues present on the cell surface is specific (Nagata and Burger, 1974), with 
the possibility of some non-specific binding to sialic acid (Nicholson, 1974). 
17 
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There is some evidence that WGA is not recycled to the plasma membrane even 
though the accompanying receptors may be resurfaced (Gonatas et al., 1984) and 
therefore minimizing the risk of WGA transfer to neighboring cells. There is 
unfortunately no available information on the kinetics of WGA release from 
dying cells and the possibility ofWGA uptake by other adjacent cells needs to be 
further determined. With regard to marker toxicity, WGA has been safely used 
as a marker molecule for studying neuronal axonal transport; in these studies, 
WGA did not pose any toxicity problems when used at appropriate 
concentrations (Kleinschuster and Moscona, 1972; Harper et al., 1980; Gonatas 
and Gonatas, 1983; Trojanowski and Gonatas, 1983). 
Several studies have already shown evidence that WGA is a stable in situ 
cell marker. First, immunoelectron microscopy showed that the ligand is 
endocytosed as membrane-bound vesicles, tubules and endosomes into the 
cytoplasm and juxtanuclear areas (Tan and Morriss-Kay, 1986). These data are 
well coherent with the other observations of WGA and WGA-HRP endocytosis 
in cultured cells and neurons of the adult nervous system (Harper et al., 1980; 
Gonatas et al., 1984; Broadwell and Balin, 1985). Second, data from double-
injected chimeras, in which two separate populations of labelled neural crest 
cells, one labeled with WGA and the other labeled with thymidine, were injected 
into a single embryo, indicate that there was no transfer of markers from one 
population into the other even after two populations were mixed together 
(Trainor and Tam, 1995; Tan and Morriss-Kay, 1986). 
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Another exogenous cell tracer that is commonly used as a cell marker is 
a fluorescent carbocyanine dye, DiI (1, 1 -dioctadecyl-3,3,3 ‘ ,3 ‘ -tetramethylindo-
carbocyanine perchlorate). DiI has several advantages as a marker for neural 
crest cells. DiI is lipid-soluble and hydrophobic; thus, it can incorporate nearly 
irreversibly into the plasma membrane of all cells it contacts (Sims et al., 1974). 
This dye does not appear to spread from one labelled cells to another, nor does it 
appear to have any adverse effects on the survival and development of neuronal 
cells (Honig and Hume, 1986; Serbedzija et al., 1989). Unlike some other vital 
dyes, DiI does not appear to disrupt the normal pattem of migration or 
differentiation of neural crest cells in situ and can be observed in neural-crest-
derived cells for long periods of time, suggesting it has no adverse effects on 
neural crest cell survival (Honig and Hume, 1986). Furthermore, the application 
of dye is relatively non-invasive, since no surgical transplantation is required. Li 
addition, dilution of this label by cells is not a great problem due to the high 
intensity of DiI fluorescence. Therefore, the labelling technique using DiI as a 
marker provides an effective method for following the pattem of neural crest cell 
migration both in vivo and in vitro. 
Li summary, labelling methods using genetic or exogenous markers offer 
a direct and convenient means to follow cell migration and differentiation and 
are at present used most frequently in the neural crest studies. As there is no 
genetic marker specific for cardiac neural crest cells, exogenous markers such as 
DiI and WGA are currently being employed as markers in the studies of cells 
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contributing to heart formation (Tam et al., 1997; Chan and Yung, 1997; Yung 
et al., 1997). 
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人 6 Objectives ofthe vresent study 
Most of the heart defects described in chick embryos after neural crest 
ablation have also been seen in human infants. The most common defect in 
humans is the transposition of great vessels which is found in 12 percent of 
neonates with congenital heart defects (Warkany, 1971). The pathogenesis ofthe 
transposition of great vessels and related aortiopulmonary septal defects is 
believed to be depleting of cells in the heart that are derived from occipital 
neural crest cells (Kirby et al., 1983; Kirby and Stewart, 1983; Kirby, 1990; 
Kirby, 1993; Kirby and Creazzo, 1995). Also, Kirby (1993) pointed out that the 
thyroid cartilage, a derivative of neural crest cells in the fourth pharyngeal arch, 
is hypoplastic in patients with DiGeorge syndrome or tetralogy of Fallot, 
indicating that the outflow anomalies may be associated with abnormalities of 
the neural crest. 
As mentioned in the previous sections, cardiac neural crest plays a 
complex role in cardiovascular development. Although there is a lot of 
information available on avian cardiac neural crest cells, studies on the 
mammalian cardiac neural crest cells are hampered mainly by the lack of a 
specific marker to specifically label migrating neural crest cells and by the 
difficulties in manipulating small embryos. Moreover, direct observations of 
mammalian embryos during the course of development are not possible because 
of the inability of current culture technique to support long term embryo 
development, and because of inaccessibility of the embryos inside the uterus. 
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Furthermore, interspecies differences on the formation, migration and 
differentiation of the neural crest cells are not uncommon (Tan and Morriss-Kay, 
1986; Serbedzija et al., 1992; Fukiishi and Morriss-Kay, 1992). Hence, it is 
difficult to extrapolate information on avian embryos to mammalian embryos. 
To date, relatively little evidence has been presented to support the existence of 
cardiac neural crest cells in the mammalian embryo. Therefore, in the present 
study, a combination of various experimental approaches were employed to 
elucidate the exact location of cardiac neural crest along the neural axis (i.e. the 
neural tube) in the mouse embryo, the developmental stages of the mouse 
embryo at which cardiac neural crest cells start to migrate out of the cardiac 
neural crest region, the migration pathways and final distribution of cardiac 
neural crest cells in the developing mouse heart after the migration ceases. 
Experimental methods to be used in the present study include whole embryo 
culture to solve the problem of inaccessibility of embryos inside the uterus, local 
labelling with exogenous dye to focally by label a specific group of cells, 
microtransplantation to study the migration of labelled cells, organ culture to 
extend the period of in vitro development and immunocytochemical staining to 
examine the final developmental fate of the neural crest cells. In the following 
chapter, i.e. chapter two, the location of cardiac neural crest along the neural axis 
will firstly be addressed. In chapter three, the stage at which the cardiac neural 
crest cells start to migrate out of the neural tube and the stage at which the 
cardiac crest cells finish their emigration from the neural tube will be established 
by labelling the lateral edges of the closing neural tube (i.e., the presumptive 
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neural crest region) with an exogenous marker, wheat germ aggulutinin gold 
conjugates (WGA-Au). In chapter four, the migration pathways and final 
distribution of the cardiac neural crest cells will be studied by in situ focal 
labelling of the presumptive cardiac neural crest region by WGA-Au or an 
exogenous fluorescent dye DiI and by grafting of WGA-Au or DiI labelled 
neural crest cells. Li chapter five, the final developmental fate of cardiac neural 
crest cells in the mouse developing heart will be elucidated by comparing the 
distribution of DiI labeled cells with that of the neurofilament positive cells. 
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Chapter Two. Location ofthe cardiac neural crest region along 
the neural axis in the mouse embryo 
2.1 Introduction 
Cranial neural crest cells make major contributions to the skeletal and 
connective tissues of the face, as well as to cranial ganglia and melanocytes (Le 
Douarin, 1982; Noden, 1988; Noden, 1993). Jn avian embryos, neural crest cells 
from the occipital region of the head have been shown to migrate to the cardiac 
outflow tract, in which the crest cells are essential for the formation of 
aortiopulmonary septum which divides the cardiac outflow tract into aorta and 
pulmonary artery (Kirby et al.，1983; Kirby and Stewart, 1983; Kirby and 
Waldo, 1990) and to the thymus gland (Bockman and Kirby, 1984). A similar 
neural crest cell migration pathways to the heart and thymus in mammalian 
embryos was proposed by Lammer et al. (1985). 
During the early-somite stage of mammalian development (8 days after 
fertilization in the mouse embryo), segmental structures are formed in the cranial 
neural plate. Jn the hindbrain region, prorhombomeres A, B and C (proRhA, 
proRhB and proRhC) appear in a rostro-caudal sequence (Fig 2.1; Osumi-
Yamashita et al., 1996). The boundary between proRhA and proRhB is called 
the pre-otic sulcus (PrOS) while the region between proRhB and proRhC is 
called the post-otic sulcus (PoOS) using otic placodes as the morphological 
landmark. Otic vesicles which form part of the future ear are situated on two 
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Fig 2.1 
During the development of the head region of mouse embryos at 8 
days p.c. Several segmental structures of the neural epithelium 
including forebrain (FB), midbrain (MB), prorhombomere A 
(proRhA), proRhB and proRhC are obvious along the neural axis 
in 5- to 6-somite stage mouse embryos. The preotic sulcus (PrOS) 
is the distinct landmark between proRhA and proRhB while the 
postotic sulcus (PoOS) is the distinct landmark between proRhB 
and proRhC. 
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sides of the proRhB. Thus, the PrOS and the PoOS are the two most obvious 
structures in the hindbrain for the identification of prorhombomeres at this stage. 
The closure of the neural tube (neurulation) proceeds in two directions, rostrally 
and caudally from the forebrain/ midbrain boundary and rostrally and rostrally 
from the cervical region at the level between the third and fourth somites (caudal 
myelencephalon) (Sakai, 1989). As neurulation proceeds, these 
prorhombomeres subdivide to form rhombomeres 1-7. 
In chick embryos, the cardiac neural crest region was found to extend 
from mid-otic vesicles to the caudal limit of the third somite (Kirby and Waldo, 
1990). However, in mammalian embryos, no direct evidence showed location of 
cardiac neural crest region along the length of the neural tube. Extrapolation of 
information on the chick embryo to the mammalian embryos is not always 
possible because species differences in the neural crest cell migration have 
already been found (Bronner-Fraser, 1995). Morphological differences in 
different species are also found in the post-otic hindbrain. For instance, there is 
a longer pre-somitic hindbrain segment between the post-otic and pre-somitic 
level in the roden than in the chick and one more pair of occipital somites are 
present in the chick than in the roden (Lumsden and Keynes, 1989; Wilkinson et 
al., 1990). 
Neural crest cells from the occipital level of the hindbrain which extends 
craniocaudally from the level of proRhC to the fourth somite have been 
suspected to have contribution to the heart in the mammalian embryo because in 
many congenital defects such as DiGeorge anomaly, there is always an 
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association between craniofacial and cardiac malformations (Lammer et al., 
1985). It has been proposed that defects found in both the craniofacial and 
cardiac may be due to the abnormal migration of occipital neural crest cells into 
the affected structures (Kirby, 1990; Fukiishi and Morriss-Kay, 1992). 
However, in the rat embryo, when the pre-somitic post-otic occipital hindbrain 
neural crest or the neural crest region between the fourth occipital and the first 
trunk somite was labelled with fluorescent dye DiI and the labelled embryos 
were cultured for 2 to 3 days, no labelled cells were found in the heart at the end 
of the culture (Fukiishi and Morriss-Kay, 1992). Labelled neural crest cells were 
observed in the wall of outflow tract (the conus cordis and the truncus arteriosus) 
but not in the atria or ventricles after culture only when the neural crest region 
between the first and fourth somite was labelled. The results suggested that the 
rostral extent of the neural crest which has cellular contribution to the cardiac 
outflow tract of the rat embryo is located at the level between somite 1 and 2 and 
that the cardiac neural crest region extends caudally to the level between somite 
3 and 4. However, no information is available to date on the cardiac neural crest 
cells in the mouse embryo. Subtle differences in the migration of midbrain 
neural crest cells in the rat and mouse embryos have already been shown 
(Nichols, 1981，1986; Tan and Morriss-Kay, 1985, 1986; Chan and Tam, 1988). 
For instance, in rat embryos, cranial neural crest cells leave the midbrain region 
at the 6-somite stage (Tan and Morriss-Kay, 1986) while in mouse embryos, 
neural crest cells leave midbrain at the 4-somite stage (Nichols, 1981). and 
therefore results obtained from the rat embryo cannot be directly applied to the 
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mouse embryo. Li this chapter, in order to find out the exact location of the 
neural crest region which has cellular contribution to the developing heart inthe 
mouse embryo, several experimental techniques were employed. These 
techniques included the following: 
1. Focal labelling of the neural crest region at different levels of the hindbrain 
region between otic vesicles and the first somite using fluorescent dye DiI; 
the labelled regions were confined to one prorhombomere or one somite 
width (Fig 2.2). 
2. Orthotopic grafting of DiI-labelled neural crest cells: Donor DiI-labelled 
neural crest cells were isolated and then grafted back to the same neural crest 
region of an unlabelled host embryo; and 
3. Whole embryo culture. The whole embryo culture was originally developed 
for in vitro growth of rat embryos (New, 1978) and later it was modified to 
support mouse embryo growth in vitro (Sadler, 1979). This in vitro system 
has been employed to culture mouse embryos for up to 36-40 hours and has 
been successfully used in studies of limb bud regeneration (Chan et al., 
1991)，teratogenic testing (Chan et al., 1994; Chan et al., 1995; Ng et al., 
1996)，migration of neural crest cells (Chan and Tam, 1988; Chan and Lee, 
1992; Trainor and Tam, 1995), somite formation (Tam and Beddington, 
1986, 1987) and gene expression in the neural crest cells (Conway et al., 
1997). ln the present study, after labelling or grafting, the experimental 
embryos were cultured for 48 hours in a whole embryo culture system and 
the cultured embryos were then fixed and serially sectioned. The distribution 
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Fig 2.2 
Different levels of hindbrain region between prorhombomere B 
(ProRh B) and somite 5 of the 5- to 6-somite stage mouse embryos 
were either focally labelled with DiI or orthotopically grafted with 
DiI labelled neural crest cells. The labelled or graft region was 
confined to one somite width. 
ProRh C, prorhombomere C; S1, S2, S3, S4 and S5, somite 1， 
somite 2, somite 3, somite 4 and somite 5. 
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of the DiI-labelled cells was examined in the serial sections and special 
attention was paid to the cardiac region to see whether there were any DiI-
labelled cells in the developing heart. 
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2,2 Materials and Methods 
2.2.1 Preparation of DiI 
An oversaturated stock solution of DiI was prepared by dissolving 50 mg 
of DiI (1,1 ‘ -dioctadecyl-3,3,3 ‘ ,3 ‘ -tetramethyl indocarbocyanine perchlorate) 
crystals (Molecular Probe) in 1 ml of absolute ethanol (Serbedzija et al., 1992). 
The suspension was centrifuged at 13500 rpm for 10 minutes to remove 
undissolved crystals. 100 i^l of the stock solution were then diluted with 1 ml 0.3 
M sucrose solution in distilled water. The final concentration was 500 ^g/mI. 
2.2.2 Embryo Collection 
Random bred ICR mice were kept under a 12:12 light / dark cycle in the 
animal house of The Chinese University of Hong Kong. Female mice were 
housed together with males in the aftemoon, and checked for the presence of 
vaginal plug in the next moming. The day of pregnancy of the plugged females 
were counted as 0.5 day post coitum (p.c.) on the assumption that copulation 
occurred around midnight. Pregnant mice ranging from 8.0 to 8.5 days p.c. 
were killed by cervical dislocation and the embryos at various stages were 
dissected out from the uterus and placed in PB1 medium (Appendix 1) 
prewarmed at 37 °C. The decidual tissue, Reichert membrane and parietal yolk 
sac were carefully removed using a pair of watchmaker forceps under a 
dissecting microscope whereas the ectoplacental cone and the visceral yolk sac 
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were left intact. Embryos ranging from 4 to 6-somites were selected for 
experimentation. 
2.2.3 Microinjection of DiI 
Lijection pipettes with an internal diameter of about 10 i^m were used for 
injection ofDiI. These pipettes were fabricated from micropipettes of an internal 
diameter of 0.85 mm (Clark Electromedical fiistruments, GC lOOT-15) by a 
vertical pipette puller (David Kopf Instruments, Model 720). The tips of the 
injection pipettes were broken off and heat-polished with a microforge 
(Narishige Scientific, MF-79).The injection pipette was connected to a 
micropump (Gastight, 1710) by a plastic tube (Tygon R3603) filled with liquid 
paraffin oil (BDH). The injection was carried out on a Leitz manipulation 
micromanipulator under a Wild stereomicroscope. 
Lijection was performed in a drop of PB1 medium covered by liquid 
paraffin oil (BDH). Recipient embryos were held by a holding pipette (Clark 
Electromedical Mstmments, GC lOOT-15) with an intemal diameter 0.85 mm 
which was connected to a micrometer syringe by oil-filled plastic tubing. The 
injection volume was calculated from the intemal diameter of the injection 
pipette and the length of the solution column injected. During microinjection, 
about 10 nl DiI were held at the tip of the injection pipette by gently suction (Fig 
2.3 A). The injection pipette was then pierced through the visceral yolk sac and 
the amnion carefully and then the tip of injection pipette reached the dorsal 
surface of hindbrain neural epithelium (Fig 2.3 B), and DiI was dissipated 
accurately onto the lateral portion of neural epithelium (Fig 2.3 C) at different 
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Photomicrographs showing the labelling procedures by 
microinjection of exogenous dye (DiI) on a micromanipulator. 
(A) The holding pipette (H) on the left side of the micrograph is 
ready for use while on the right side, the dye is being loaded to 
the tip of the injection pipette (I). Bar = 500^m. 
(B) A 5-somite mouse embryo with intact amniotic membrane (A), 
yolk sac membrane (Y) and ectoplacental cone (P) is held at its 
anterior end (AE) by the holding peptide (H) by slight suction. 
The injection peptide (I) with the dye leaded at its tip has 
already punched through the amniotic membrane and yolk sac 
membrane and its tip reaches the dorsal surface of the 
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Fig 2.3 (continued) 
(C) The dye is gradually dissipated accurately onto the lateral 
portion of hindbrain neural epithelium at the level of somite 1 
(arrow head). H, holding pipette; I，injection pipette. Bar = 
250 i^m. 
(D) After microinjection of the dye, the injection pipette {I) is 
withdrawn from the yolk sac and amniotic membranes of the 
manipulated embryo while the holding pipette (H) is still 
holding the embryo in place. The labelled region is confined to 
one somite width (arrowhead). Bar = 250 \xm. 
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Chavter two: Materials and Methods 
axial levels of the post-otic hindbrain. The labelled region was confined to one 
somite width or one prorhobomere width, ff severe leakage of DiI, which is red 
in colour, was observed under the dissecting microscope after injection or the 
injection pipette had penetrated any part of the embryo, the injection was 
considered as a failure and the embryo was discarded. After microinjection, the 
injection pipette was withdrawn (Fig 2.3 D) and then the manipulated embryo 
was released from the holding pipette. 
2.2.4 Isolation of tissue fragments from the lateral neural epithelium 
The lateral neural epithelium of the presumptive cardiac neural crest 
region was obtained from 4- to 6-somite stage embryos (Fig 2.4) following the 
method described by Chan and Tam (1986). The presumptive cardiac neural 
crest region including mesenchyme and the surface ectoderm was firstly 
dissected (Fig 2.5), and then washed in calcium and magnesium-free phosphate-
buffered saline (PBS) (Appendix 2) and treated with in a mixture of 0.5% (w/v) 
trypsin (Sigma, Grade ET) and 2.5% pancreatin (Sigma, Grade ET) in calcium 
and magnesium-free PBS for 1 minute. The reaction was stopped by transferring 
the treated tissues into PB1 (Appendix 1) prewarmed at 37°C. The neural 
epithelium including the surface epithelium was free from the surrounding 
mesenchymal tissue (Fig 2.6) by a pair of fine tungsten needle (Fine Science 
Tool Lic, 10130-05). Finally, only the lateral portion of the neural epithelium 
dissected out by removing the surface epithelium and the medial portion of the 
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Fig 2.4 
A dorsolateral view of a 5-somite stage mouse embryo after the 
amniotic membrane and the yolk sac membrane were removed. H, 
head; 
S, somite. Bar = 125 |am. 
Fig 2.5 
A small piece of transverse segment of the embryo was dissected 
from the mouse embryo along the dotted lines at the level of somite 
1 shown in Fig 2.2. The width of the segment is one somite. The 
neural epithelium (NE) is still tightly packed and in close contact 
with the underlying mesenchyme (M). Bar = 125 i^m. 
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Fig 2.6 
A piece of neural epithelium (NE) dissected from the surrounding 
mesenchyme with a pair of tungsten needles. Only the lateral 
portions (L) but not the medial portions (M) of the neural 
epithelium are further dissected in smaller pieces for grafting 
experiment. Bar = 125 ^im. 
Fig 2.7 
Tissues dissected from the lateral portion of the neural epithelium 
(arrowheads) are then labelled with the dye by incubating in the 
dye solution for several minutes before grafting. Bar = 125 ^m 
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neural epithelium (Fig 2.7) was left to incubate with the dye. The tissue 
fragments from the lateral neural epithelium was kept temporarily in PB1. 
2.2.5 DiI labelling of the donor fragment isolated from the lateral neural 
epithelium 
The tissue fragments isolated from the lateral neural epithelium were the 
donor tissues during grafting. They were labelled with DiI by dropping 0.5 jid DiI 
into 2 mI of the PB1 containing the donor tissues. About 1 minute was allowed 
for the complete absorption of DiI. The labelled tissue was washed extensively 
in several changes ofPBl to remove the residue DiI. 
2.2.6 Grafting of DiI labelled fragments from the lateral neural 
epithelium 
After the lateral neural epithelium was labelled, they were transferred 
into a drop of PB1 medium on a lip of a plastic culture dish (Falcon 1007) with a 
disposable plastic transfer pipette (Samco 225). Then, it was further dissected 
into smaller fragments of about 80-100 cells (Fig 2.8 A) with the size similar to 
the internal diameter of the injection pipette. The tissues were ready for grafting. 
Lijection pipettes with an internal diameter of about 20^im were used for 
orthotopic grafting of tissue fragments. These pipettes were made according to 
the method described in section 2.2.3. 
Grafting of the labelled donor tissues carried out on a Leitz 
micromanipulator under a Wild stereo microscope. The grafting procedure was 
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Fig 2.8 (A) - (F) Photomicrographs showing the procedures for 
orthotopic grafting of DiI-labelled tissue fragments to an 
unlabelled recipient embryo. 
(A) The DiI-labelled lateral portion of the neural epithelium is 
dissected into smaller fragments (arrowheads) until the size of 
the fragments (about 80-100 cells) becomes similar to the 
intemal diameter of the injection pipette (I). The dissection is 
done in a drop of PB1 handling medium. One small fragment 
is then sucked into the tip of the injection pipette {I). Bar = 1 
mm. 
(B) The recipient embryo is held by the holding pipette � with 
slight suction applied to the yolk sac at the anterior end (AE) of 
embryo. Bar 二 250 fim. 
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Fig 2.8 (continued) 
(C) After the embryo is held in place by the holding pipette (H), 
and the injection pipette (1) with a labelled tissue fragment 
(arrowhead) at its tip is drawn near the embryo. Bar = 250 i^m. 
(D) The yolk sac (Y) and the amniotic membrane (A) are being 
pierced through by the injection pipette {I) which holds a 
labelled fragment (arrowhead) at its tip. H, holding pipette. 
Bar = 250^im. 
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Fig 2.8 (continued) 
(E) The graft (arrowhead) is graduaUy released from the injection 
pipette (I) onto the lateral margin of the closing hindbrain 
neural tube (at the level of somite 1) of the recipient embryos 
which is being held by the holding pipette (H). Bar = 250 ^m. 
(F) After the graft is placed to the lateral margin of the hindbrain 
neural tube at the level of somite 1 (arrowhead), the injection 
pipette (I) is withdrawn from the embryo and the embryo is 
released from the holding pipette (H). The correct position of 
the graft can be easily monitored under a microscope because 
the graft is stained red by the dye. Bar = 250 pm. 
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Chapter two: Materiak and Methods 
performed in a drop of PB1 medium covered by liquid paraffin oil (BDH). 
Recipient embryos were held by a holding pipette (Clark Electromedical 
Listruments, GC lOOT-15) (Fig 2.8 B) with an internal diameter of 0.85 mm 
which was connected to a micrometer syringe by oil-filled plastic tubing. During 
grafting, the labelled fragment was held by gentle suction at the tip of the 
injection pipette containing 50 i^l PB1 medium (Fig 2.8 C). The injection 
pipette was then pierced through the visceral yolk sac and the amnion (Fig 2.8 
D). The graft fragment was gradually released to the lateral margin of the closing 
neural tube (Fig 2.8 E). Since the labelled fragments were stained red, the correct 
positioning of the graft fragments could be easily monitored under a 
stereomicroscope (Fig 2.8 F). Those recipient embryos whose graft was not 
correctly placed were noted. After grafting, the embryos were placed to the 
rolling culture system for whole embryo culture. 
2.2.7 Embryo culture 
After microinjection of DiI solution or grafting of tissue fragments, 
experimental embryos were cultured, in groups of 4 to 5, in 5 ml culture 
medium. The medium was made up of pure heat-inactivated rat serum 
(Appendix 3). The medium had been equilibrated ovemight at 5 % CO2 before 
use. The culture was kept inside a roller incubator (BTC Engineering, UK) 
rolling at 30 rpm at 37°C for 48 hours. The gas composition was similar to that 
described by Beddington and Lawson (1987). Jn brief, during the first day of 
. 33 
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culture, the embryos were gassed with 20% O2, 5% CO2 and 75% N2 every 8 to 
10 hours. Li the following day, the O2 proportion of the gas mixture was raised 
to 40%. When the experimental embryos grew up to 10.25 days p.c. (about 28-
somite stage), the O2 proportion of the gas mixture was raised to 95%. 
2.2.8 Examination of cultured embryos 
Cultured embryos were harvested after 48 hours culture. Following 
culture, embryos were transferred to PB1 medium prewarmed at 37°C for 
immediately examination of the yolk sac circulation and the heart beat. The 
embryos were then freed from the embryonic membranes, washed twice with 
PB1 and examined for the following morphological features: tuming of body 
axis, presence of optic and otic vesicles, the number of bronchial arches, 
appearance of forelimb buds, somite number, and closure of neural tube. The 
crown-rump length was measured with a micrometer in the eyepiece of a 
dissecting microscope. The embryos were then examined grossly for 
abnormalities. The cultured embryos were compared with in vitro control (the 
un-operated control embryos), the sham control (embryos only injected with the 
medium for manipulating the donor tissue) and in vivo control (the embryos 
immediately removed from the uterus of pregnant females at a corresponding 
stage of development). 
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2.2.9 Cryosection 
Experimental embryos were fixed in 4% phosphate-buffered 
paraformaldehyde (Appendix 4) for 18 to 20 hours, and then washed in PBS. 
The embryos were dehydrated gradually in a series of increasing sucrose 
concentration from 10’ 20 and then to 30%. The embryos remained in each 
concentrations of sucrose solution until they sank to the bottom of the solution. 
After that, the embryos were embedded in OCT compound (Tissue-TEK). The 
sections were cut at 16^m on a cryostat (Shandon, AS620E cryotome). The 
sections were examined under a Zeiss epifIuorescent microscope through a 
rhodamine filter set to view the DiI. 
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2,3 Results 
2.3.1 Development of the cultured embryos in control and experimental 
groups 
There were three types of control embryos (Table 1). Jn the in vivo 
control group, the embryos at 8.5 days post coitum (d.p.c.), instead of being 
taken out for in vitro culture, developed inside the uterus for the same period of 
time as the in vitro whole embryo culture, i.e., 48 hours. After the culture they 
were dissected out directly from the uterus for morphological analysis. Li the 
un-injected group, the embryos were taken out at 8.5 d.p.c and were cultured 
with the whole embryo culture system for 48 hours before they were examined 
for their gross morphology, while the embryos in the PBl-injected group were 
injected with the handling medium PB1 before the whole embryo culture started. 
All (100%) the embryos in all the control groups exhibited strong heart beat and 
obvious yolk sac circulation (Table 1，Fig 2.9). They increased both in size and 
in crown-rump lengths and changed to a dorsally convex C-shaped configuration 
(Fig 2.10). Their crown-rump lengths and somite numbers had increased 
significantly (Table 1) and their extemal morphology was similar to that of the 
embryos developed in utero (Fig 2.10). The embryos possesed normal optic and 
otic placodes, two branchial arches, forelimb buds and a closed cranial neural 
tube (Table 1，Fig 2.10). Embryos in different control groups did not show any 
differences in the extent of morphogenesis (Table 1, Fig 2.10), indicating that: 
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1. The whole embryo culture can support mouse embryos to develop in vitro for 
48 hours without formation of any morphological abnormalities and the 
development of the mouse embryos in vitro is similar to that observed in 
utero', 
2. The microinjection procedure itself and the handling medium did not induce 
malformations in the embryo. 
Li the experimental group with focal labelling, embryos were focally 
injected with DiI in the hindbrain region. At the end of the 48 hours culture, 
growth and morphogenesis of the experimental embryos were similar to the 
development of the in vivo controls (Fig 2.11, Table 1). 93% of the embryos 
after labelling exhibited strong heartbeat and yolk sac circulation, and all the 
labelled embryos showed normal optic and otic placode, branchial apparatus, 
forelimb buds, and 98% of the labelled embryos showed normal body axis and 
95 % of the them showed a normal closure of cranial neural tube (Table 1). Two 
of the embryos showed weak heartbeat and sluggish yolk sac circulation and 
these embryos were discarded from subsequent analysis. Jn another experiment 
groups where embryos were orthotopically grafted with DiI labelled lateral 
neural epithelium, most (83%) of the embryos developed normally and their 
development was similar to the in vivo control embryos at the same 
developmental stage (Fig 2.12, Table 1). Eight of the embryos which showed 
either abnormal circulation (weak heartbeat or sluggish yolk sac circulation) or 
morphological defects (abnormal body axis or abnormal cranial neural tube) 
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were again discarded from subsequent analysis. When the normal embryos in 
the experimental groups were examined at higher magnification, it was found 
that the injection site for DiI labelling (Fig 2.13 A, C) or the graft site (Fig 2.13 
B，D) in the hindbrain did not show morphological defects or any signs of 
structural deformation. These observations indicated that the vital dye (DiI) and 
experimental techniques (DiI focal labelling technique and orthotopical grafting 
technique) employed in the present study did not induce adverse effects on the 
viability or morphological development of the mouse embryos. Also, the in 
vitro culture system used in this study are capable to sustain the normal 
development of the mouse embryo from the early somite (4- to 6-somite) stage 
to late somite (30- to 33-somite) stage during organogenesis. 
2.3.2 Location of the cardiac neural crest region along the neural axis 
Mouse embryos with 5 to 6 somites were focally labelled with DiI or 
orthotopically grafted with the DiI-labelled fragment from the lateral neural 
epithelium at different levels of the neural tube. The prorhombomere B 
(ProRhB), prorhombomere C (ProRhC) and the hindbrain neural tube at the 
levels of somite 1, 2, 3，4 and 5 were individually labelled before they were 
cultured for 48 hours. At time 0，i.e., when the whole embryos were examined 
under a epifIuorescent microscope with a rhodamine filter immediately after 
focal labelling (Fig 2.14) or orthotopic grafting (Fig 2.15), the labelling sites 
were found to be confined to one rhombomere or one somite width (Fig 2.14. 
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and Fig 2.15). 48 hours after culture, the whole embryos were again examined 
and the results were described as the following: 
Focal Labelline of the vrorhombomere B 
When the embryos were focally labelled at the prorhombomere B, DiI-
labelled cells were found to spread from the labelling site, which was on the 
dorsal side of the embryo, dorso-ventrally to the second branchial arch (Fig 
2.16). However, all the labelled cells were found cranial to the developing heart 
and no labelled cells seemed to locate in the heart (Fig 2.16). Jn the embryos 
examined, the labelled cells were not found in the heart nor in the third, fourth or 
six branchial arhes (Table 2). 
Focal hibellins ofthe prorhombomere C and orthotopic srafttns 
When the labelling site was moved to one prorhombomere more caudal, 
i.e., at the prorhombomere C, labelled cells were found in a dorso-ventral 
pathway spreading from the labelling site to the third branchial arch (Fig 2.17 
A). Some of the labelled cells were found in the fourth branchial arch. 
However, the most ventrally located labelled cells were found in the third and 
fourth branchial arches, and no labelled cells appeared in the cardiac outflow 
tract or the developing heart, t i the transverse section of the embryo labelled at 
the prorhombomere C (Fig 2.17 B), labelled cells were found in the mesenchyme 
lateral to the neural tube, third branchial arch and the mesenchyme ventral to the 
primitive pharynx but no labelled cells were found in the cardiac region 
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including the cardiac outflow tract. When a DiI-labelled fragment from the 
neural crest was orthotopically was grafted to the prorhombomere C, the 
distribution of the DiI-labelled cells (Fig 2.17 C) was similar to those found in 
embryos with focal labelling. Labelled cells spread from the graft site on the 
dorsal side of the embryo to the third branchial arch with a very few labelled 
cells located in the third branchial arch (Fig 2.17 D). Again, no labelled cells 
were found in the cardiac outflow tract and the developing heart. When the 
embryo was transversely sectioned, the labelled cells were observed to spread 
from the graft site to the mesencyhme lateral to the neural tube, third branchial 
arch mesenchyme (Fig 2.17 D), but labelled cells were not found in the cardiac 
outflow tract and heart, ln 41 experimental embryos examined after focal 
labelling or orthotopic grafting, all (100%) embryos showed DiI-labelled cells in 
the dorsal part of the neural tube, mesenchyme dorsolateral to the pharynx and 
third, fourth and sixth branchial arches (Table 2). 
Focal Uibellins ofthe neural crest at the levels ofsomite 1 to 4 and orthotopic 
sraftins 
When the neural crest region was focally labelled or orthotopically 
grafted at the levels of somite 1 to 4, similar dorso-ventral spread of DiI-labelled 
cells was found in the embryo. For instance, when the labelling level was at the 
somite 2，labelled cells were mainly distributed in the third and fourth branchial 
arches and a few labelled cells were found in the sixth branchial arch (Fig 2.18 
A). Careful examination on the cardiac region showed that labelled cells with 
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faint labelling signals were found in the cardiac outflow tract (Fig 2.18 A). 
When the embryo was transversely sectioned, the labelled cells were found to 
spread from the dorsal side of the neural tube to the branchial arch mesenchyme 
(Fig 2.18 B). Some labelled cells were found in the outflow tract (Fig 2.18 C) 
and in the atrio-ventricular junction (Fig 2.18 D). When the neural crest region 
was orthotopic grafted with a DiI-labelled neural crest fragment at the level 
somite 2’ labelled cells were also found to spread from the graft site to the third, 
fourth and sixth branchial arches (Fig 2.19 A). A few DiI-labelled cells were 
also found in the cardiac outflow tract (Fig 2.19 A). When the embryo was 
sectioned, the majority of the labelled cells were found on the dorsolateral side 
of primitive pharynx and in the branchial arches mesenchyme (Fig 2.19 B). A 
few DiI labelled cells were also found in the mesenchyme ventral to the pharynx 
and in the cardiac outflow tract (Fig 2.19 B). Of the 34 embryos which were 
focally labelled or orthotopically grafted at the levels of somite 1, 2, 3 or 4，34 
(100%) showed labelled cells on the dorsal side of the neural tube, in the 
mesenchyme dorsolateral to the pharynx and in the third, fourth and sixth 
branchial arches. Only 30% and 40-60% of embryos labelled or grafted at the 
somite levels 1 and 2 respectively showed labelled cells in the cardiac regions 
(Table 2). Fewer embryos (8%) embryos labelled or grafted at the somite levels 
3 and 4 showed labelled cells in the cardiac regions (Table 2). 
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Focal U1bellin2 ofthe neural crest at the level ofsomite 5 
When the neural crest region was focally labelled at the level of somite 5, 
labelled cells were all found caudal to the heart, without any labelled located in 
the heart (Fig 2.20 A). The labelled cells still showed a dorso-ventral spreading 
to the foregut region. When the embryo was sectioned transversely, the labelled 
cells were found on the dorsal of the neural tube, dorsal root ganglia, the region 
surrounding the foregut (Fig 2.20 B), and vitelline vein (Fig 2.20 C). The 
developing heart however did not showed any labelled cells. All (100%) of the 
embryos labelled at the level of somites 5 did not show labelled cells in the third, 
fourth and sixth branchial arches and in the cardiac regions (Table 2). 
Li summary of the results, only the neural crest region labelled or grafted 
at the levels of somite 1 to 4 was able to give rise to labelled cells in the cardiac 
regions. 8% to 60% of embryos labelled or grafted at these levels showed 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































Photomicrograph of the frontal view of an embryo from the PB1-
injected control group, showing that the weU developed viteUine 
vessels (VV) on the yoUc sac membrane (YoUc sac) after 48 hours 
of culture. The embryo itself is enclosed inside the yoUc sac cavity. 
Bar = 160 ^un. 
Fig 2.10 
Photomicrographs showing the lateral view of embryos from the 
uninjected, PBl-injected or in vivo control groups (from left to 
right) after 48 hours of culture. AU embryos possess 32 somites 
and show similar morphological appearance. The forebrain (FB) is 
expanded; three heart chambers (Ht) are observed (there are two 
constrictions, one observed between the atrium and ventricle and 
the other between ventricle and bulbus cordis); the transparent 
rhombencephaHc area/ hindbrain (HB) is ako expanded; weU 
developed branchial arches (BA), round shaped otic (OT) and optic 
vesicles (OP), discrete somites (S) and prominent foreHmb buds 
(FLB) are observed. The length of the embryos is measured as the 
crown-rump length (CRL) which is the maximum distance between 
the top of the midbrain to the midtmnk of the embryo. Bar = 160 
^m. 
^ ^ ^ ^ ^ Yolk sac 
V ® ^ 
^ ^ ^ | ^ � v (Bj 
^ k ^ : _ ^ ^ ^ ^ / ^ ' * ^ - . . . ^ ^ ^ 
^ “ ^ 
"'^ ¾ .^ ^ Ac 
售 HB � 4 ^ ^ H B 
^ 崎：^^  _ _ s r f e s 
^ m ^ ^ ^ f i t / s - . . ^ p ' Uninjected control PBl-injected control In vivo control ~ -
Fig 2.11 
Photomicrographs showing the lateral view of two mouse embryos 
from the in vivo control (left) and the focaUy labeUed group (right) 
at 48 hours of culture. Both of the embryos showed similar extend 
of morphogenesis and possess normal forebrain (FB), hindbrain 
(HB), optic vesicle (OP), otic vesicle (OT), branchial arches (BA), 
heart (Ht) and foreHmb bud (FBL) and the same number (32) of 
somites. Bar 二 160 ^m. 
Fig 2.12 
Photomicrographs showing the lateral view of two mouse embryos 
from the in vivo control (right) and the orthotopicaUy grafted 
embryos (left) at 48 hours of culture. Both of the embryos showed 
similar extend of morphogenesis and possess normal forebrain (FB), 
hindbrain (HB), optic vesicle (OP), otic vesicle (OT), branchial 
arches (BA), heart (Ht) and foreHmb bud (FBL) and the same 
number (32) of somites. Bar = 160 ^m. 
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Fig 2.13 
Photomicrographs showing the lateral view (A, B) and the dorsal 
view (C, D) of two experimental embryos at 48 hours of culture. 
Both embryos either (A, C) focaUy labeUed with DiI or (B, D) 
orthotopicaUy grafted in the hindbrain region at the level of somite 
2 (arrows) with a DiI labeUed fragment from the lateral margin of 
the neural epithelium develop normaUy. The dorsal view of the 
embryos show that the injection site or graft site is in the neural 
tube and no morphological defects or structural deformation of the 
neural tube are observed after the labeBing or grafting. HB, 
hindbrain; OT, otic placode; Ht, heart; FBL, forelimb bud; NT, 













































Photomicrograph showing the whole embryo examined immediately 
after focal labeUing under a epifluorescent microscope with a 
rhodamine filter. The broken line (——)outHnes the embryo proper 
which is enclosed by the yoUc sac and amniotic membrane and the 
dotted Hne (.".) outUnes the labeDing region. The focaUy labeUed 
neural crest region at the level of somite 1 is indicated by an arrow. 
The focaUy labeUed region is confined one somite width. Bar = 
160 ^im. 
Fig 2.15 
Photomicrograph showing the whole embryo examined immediately 
after orthotopic grafting under a epifluorescent microscope with a 
rhodamine filter. The broken Hne (——)outHnes the embryo proper 
which is enclosed by the yoBc sac and amniotic membrane and the 
dotted line (....) outlines the graft site. The orthotopicaUy grafted 
neural crest region at the level of somite 1 is indicated by an arrow. 
The size of the graft is not bigger than one somite in width. Bar = 
160 ^im. 
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Fig 2.16 
A lateral view of a 32-somite stage mouse embryo 48 hours after 
focal labeUing with DiI at prorhombomere B (arrow), showing that 
the DiI-labeUed ceUs (arrowheads) spread from labeUing site on the 
dorsal side of the embryo dorso-ventraUy to the second branchial 
arch. AU of the labeUed ceUs are found cranial to the developing 
heart (Ht, outUned by the dotted Hne) and no labeUed ceUs were 
found in the developing heart. OT, otic vesicle; 1，2, 3 and 4，first, 





Photomicrographs showing the lateral views (A, C) and sections 
(B, C) of embryos 48 hours after focal labeDing with DiI (A, B) or 
grafting with DiI labeUed fragment (C, D) at the prorhombomere C 
(arrows). 
(A) DiI labeUed ceUs (white arrowheads) in a focaUy labeUed 
embryo spread from the focaUy labeUed site, prorhombomere C 
(arrow), dorso-ventraUy to the third branchial arch (3). Some of 
the labeUed ceUs (white arrowheads) are found in the fourth 
branchial arch (4). No labeUed ceUs are found in the developing 
heart (Ht, outHned by the dotted Une (...")). The red signak in 
the heart region were found to be labeUing background when 
the embryo were examined carefuUy under a fluorescent 
microscope. 1，2，3 and 4，first, second, third and fourth 
branchial arches; OT, otic vesicle. Bar = 160 ^m. 
(B) A transverse section taken from the level of the 
prorhombomere C of the focaUy labeUed embryo as indicated by 
the broken line (——)in (A), showing DiI labeUed ceUs (white 
arrows) in the mesenchyme lateral to the neural tube (NT) and 
dorsal aorta (DA), the mesenchyme of the third branchial arch 
(3) and the mesenchyme lateral and ventral to the primitive 
pharynx (P). No labeUed ceUs are found in the cardiac region 
including the cardiac outflow tract Bar = 80 pm. 
(C) DiI labeUed ceUs (white arrowheads) in an orthotopicaUy 
grafted embryo spread from the graft site, prorhombomere C 
(arrow) dorso-ventraHy to the third branchial arch. LabeUed 
ceUs are not found in the developing heart (Ht, outlined by the 
dotted Hne (.".)). 1，2, 3 and 4，first, second, third and fourth 
branchial arches; OT, otic vesicle. Bar = 160 ^m. 
(D) A transverse section taken from the level of the 
prorhombomere C of the orthotopicaUy grafted embryo as 
indicated by the broken Hne (——)in (C), showing DiI labeUed 
ceUs (white arrows) in the mesenchyme lateral to the neural 
tube (NT) and dorsal aorta (DA), the mesenchyme of the 
second (2) and third (3) branchial arches and the mesenchyme 
lateral to the primitive pharynx (P). No labeUed ceUs are found 



































































Photomicrographs showing the lateral views (A) and sections (B, 
C, D) of embryos 48 hours after focal labeUing with DiI at the level 
of somite 2 (arrows). 
(A) DiI labeUed cells (arrows) spread from the focaUy labeUed site 
at the level of somite (arrow) dorso-ventraHy to the third (3)， 
fourth (4) and sixth (6) branchial arches. Some of the labeUed 
ceUs (white arrows) are found in the outflow tract of the 
developing heart (Ht, outHned by the dotted Hne (.")). 
Transverse sections are then taken from the planes B, C and D 
and are shown respectively in (B), (C) and (D). OT, otic 
vesicle. Bar = 160 ^m. 
(B) The transverse section along the plane B of the embryo shown 
in (A), showing DiI labeUed ceUs (white arrows) spread from 
the dorsal side of neural tube (NT) to the mesenchyme lateral to 
the dorsal aorta (DA) and the third branchial arch mesenchyme 
(3). Bar = 80 ^m. 
(C) The transverse section along the plane C of the embryo shown 
in (A), showing DiI labeUed ceUs (white arrow) in the waH of 
cardiac outflow tract (COT). P, primitive pharynx. Bar = 40 
^im. 
(D) The transverse section along the plane D of the embryo shown 
in (A), showing DiI labeUed ceUs (white arrow) in the waU of 
the atrio-ventricular junction (*). AW, atrial waU; V， 






















(A) Photomicrograph showing the lateral view of an embryo 48 
hours after orthotopicaUy grafted with a DiI labeUed fragment 
from the lateral margin of the neural epitheHum, showing that 
DiI labeUed ceUs (arrowheads) spread from the graft site at the 
level of somite 2 (arrow) dorso-ventraHy to the third (3)，fourth 
(4) and sixth (6) branchial arches. OT, otic vesicle; Ht, 
developing heart, outHned by the dotted line (...). Bar = 160 
|im. 
(B) Photomicrograph of a transverse section taken along the plane 
of the graft site (broken Hne (——)shown in (A)), showing DiI 
labeUed ceUs (white arrows) spread from the dorsal side of 
neural tube (NT) to the mesenchyme lateral to the dorsal aorta 
(DA), the mesenchyme lateral and ventral to the primitive 
pharynx (P), the fourth branchial arch mesenchyme (4) and the 
wall of cardiac outflow tract (COT). Bar = 80 ^m. 
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Fig 2.20 
(A) Photomicrograph of the lateral view of a 32-somite stage 
mouse embryos 48 hours after focal labeUing with DiI at the 
level of somite 5 (arrow), showing that DiI labeUed ceHs 
(arrowheads) spread from the labeUing site on the dorsal side 
of the embryo dorso-ventraUy to the region caudal to the heart 
(Ht, outHned by the dotted Hne (...)). No labeUed ceUs are 
found in the heart region. OT, otic vesicle; FLB, foreHmb bud 
outlined by the dotted line. Bar = 160 ^un. 
(B) A transverse section taken along the plane of the labeUing site 
(broken Une (---) shown in (A)), showing DiI labeUed ceUs 
(white arrows) on the dorsal side of neural tube (NT), dorsal 
root ganglion (DRG) and the mesenchyme surrounding the 
foregut (FG, outUned by the dotted Hne). DA, dorsal aorta. 
Bar = 80 ^m. 
(C) A transverse of a region ventral to the section shown in (B) 
showing DiI labeUed ceUs scattered in the waU of the viteUine 
vein (VV). Bar = 40 |Lim. 
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2,4 Discussion 
To establish the cardiac neural crest region along the neural tube, an in 
vitro whole embryo culture system and a labelling technique using DiI as a cell 
marker were employed. The neural crest region of the hindbrain was firstly 
labelled and the labelled embryos were cultured for 48 hours before they were 
sectioned for the examination of the distribution of the labelled cells within the 
embryo. Hence it is vital for the present study to have a good in vitro culture 
system which can support the normal growth of the mouse embryos outside the 
uterus and a good labelling technique which will not jeopardize the normal 
migration of the neural crest cells. 
2.4.1 Development of embryos in vitro 
During the course of development, organ primordia with characteristic 
morphology are formed at specific developmental stages in specific regions of 
the embryo. Examination of the morphology of the organ primordia at a 
particular stage will give us information on whether the embryo is developing 
normally. Results from studies on the hindbrain neural crest (Shigetani et al., 
1995; Fukiishi and Morriss-Kay, 1992; Osumi-Yamashita et al., 1996; Conway 
et al., 1997) suggest that mouse cardiac crest cells, if they exist, start migration 
from the neural tube on 8.5 days post coitum (d.p.c.) and reach their final 
location for differentiation on about 10.5 d.p.c., i.e. two day later. The 
appearance of several morphological structures on 10.5 d.p.c. are commonly 
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employed to assess the normal development of the rat or mouse embryos. These 
structures include optic and otic vesicles, fore-limb buds, normal turning of the 
body axis, complete closure of neural tube and a correct number of branchial 
arches (at least two branchial arches on 10.5 d.p.c.)(Brown, 1990; Kaufman, 
1992; Theiler, 1972). Also, a specific number of somites and a specific length of 
the embryo (crown-rump length) should attain in a specific developmental stage 
(Brown, 1990), 
Li the present study, the embryo culture system employed covers the 
whole presumptive period for the crest cell migration from 8.5 to 10.5 d.pc. (48 
hours). Three control groups including in vivo controls, in vitro un-injected 
control and PBl-injected controls, were included in the experiment in order to 
make sure that the culture technique and the labelling technique would not affect 
the normal development of the embryo. After 48 hours of culture, in all three 
control groups, the somite numbers and crown-rump lengths of the embryos, 
which can serve as indicators for the growth status of the embryos, did not show 
any statistically significant differences among embryos. All (100%) the embryos 
developed in vitro showed all the normal morphological features of the embryos 
developed in vivo, indicating the in vitro development in the whole embryo 
culture system is very similar to the in vivo development inside the uterus during 
this period. Hence, it is evident that the in vitro culture system employed in the 
present study is good enough to sustain the normal growth and development of 
the mouse embryos for 48 hours. Furthermore, by comparing the somite 
number, the crown-rump length and the morphological structures between the 
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PBl-injected (the handling medium for grafting) control mouse embryos and the 
in vivo control embryos, it was found their development was very similar. 
Abnormalities were not found in the injected control. All these findings 
indicated that the labelling technique and the grafting technique would not affect 
the normal development of the embryo, strongly suggesting that neural crest 
migration in those embryos should be normal. 
Li the experiment groups where the crest region of the embryo was either 
labelled with DiI or grafted with a piece of DiI-labelled neural epithelium, 
around 93% of the DiI-labelled embryos and 83% of the grafted embryos 
developed normally as compared with the development of the in vivo or in vitro 
control embryos. All the normally developed experimental embryos showed all 
the normal morphological features, suggesting that the majority of the 
experimental embryos were able to develop normally even after labelling or 
grafting. There were, however, low percentages (7% of the labelled embryos 
and 17% of the grafted embryos) of the experimental embryos with 
morphological abnormalities, ln the DiI-labelled group, nearly all abnormal 
embryos showed weak heartbeat and sluggish yolk sac circulation only without 
other abnormalities within the embryo, while in the grafted group, other than the 
weak heartbeat and slow yolk sac circulation, 2% and 11% of the abnormal 
embryos showed abnormal tuming of the body axis and 5% and 17 % of the 
abnormal embryos showed abnormal closure of the hindbrain neural tube. The 
abnormalities found in the experimental embryos may be induced by the 
following: 
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1. tiadvertent damages of the yolk sac may lead to abnormal development ofthe 
cardiovascular system in both the extra- and intra-embryonic regions; 
2. Grafting of the tissues to the closing hindbrain neural tube may disturb the 
normal closure of the neural tube in that region. Similar percentage (10-15%) 
of abnormalities were induced by the similar grafting procedure described in 
the studies of Tan and Momss-Kay (1986) and Chan and Tam (1988). 
During grafting, an extra piece of tissue of about 80 cells was surgically 
implanted into the neural crest region, which may inevitably induce trauma to 
the embryo. Hn the studies of neural crest migration in other species by 
grafting, for example, the transplantation experiments in the chick, the 
grafting was accompanied by removal of an equivalent size of tissue. 
However, in the mouse embryo, the removal of an equivalent amount of 
tissues before grafting is almost technically impossible because of the 
relatively much smaller in size of the experimental mouse embryos and the 
inaccessibility of the mouse embryos which were enclosed by the amnion and 
visceral yolk sac during culture. The removal of tissues from the embryo 
would also induce trauma to the embryo. Hence, one has to analyze the 
results obtained from grafting with caution. Nonetheless, several pieces of 
evidence suggest that the distribution of the labelled cells in the embryo after 
labelling and culture does reflect the normal migration of the neural crest cells 
in the embryo: 
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1. Only a small percentage of embryos showed morphological abnormalities 
after grafting and 48-hour culture and the abnormal embryos were all 
excluded from the subsequent analysis of the labelled cell distribution; 
2. The labelled cells did not remain as a clump in the graft site, but instead, they 
were distributed as isolated cells in a highly specific manner to specific 
regions far away from their origin; 
3. The final distribution pattem of the labelled cells after grafting and culture 
was highly reproducible in a larger number of embryos analysed as was 
shown in the present study; 
4. The distribution patterns of the labelled cells were almost identical for the 
embryos which have undergone either focal labelling or orthotopic grafting 
(see discussion below); 
5. The final distribution pattem of the labelled cells in the mouse is highly 
similar to the distribution pattem of the cardiac neural crest cells found in the 
rat (Fukiishi and Morriss-Kay, 1992) which is phylogenetically very close to 
the mouse. Furthermore, the distribution pattem in the mouse is also close, 
though less similar to that in the rat, to the migration pattem of the chick 
cardiac neural crest cells (Kirby, 1993; Kirby and Creazzo, 1995; Kirby and 
Waldo,1995). Hence, the result of the present study on the final distribution 
of the labelled cells should reflect the final location of the neural crest cells 
during normal development. Jn addition, the whole embryo culture in the 
present study was able to sustain the development of the post-operative 
embryos from 5- to 6-somite stage up to 32-somite stage, a period that 
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provides adequate monitoring of the earliest phases of crest development 
including migration, pathway selection and homing (Bronner-Fraser et al., 
1995). 
2.4.2 Comparison of the two methods for tracing cell migration: focal 
labelling and orthotopic grafting 
The distribution patterns of cardiac neural crest cells were obtained by 
focal labelling of DiI or orthotopic grafting of the DiI-labelled tissue fragment. 
The use of DiI instead of other exogenous dye in tracing the migration of cardiac 
neural crest cells was based on its advantages: 1) it allows very quick assessment 
of cells displacement without the long and tedious procedure of staining; 2) the 
dye is stable and cell localized with minimal non-discriminate intercellular 
transfer; (3) it provides information of cell migration in embryos cultured for a 
relatively longer period without losing the labelling signal before it is a strong 
fluorescent dye with long lasting signals. Other dyes may reduce their 
fluorescent intensity or totally lose their signal over a long culture period; and 4) 
it has minimal adverse effects on the normal physiology of the cell and has 
minimal cell-to-cell transfer of the signal. 
As is true for other techniques, DiI labelling has its inherent limitations. 
First, not every presumptive cardiac neural crest cells can be labelled with DiI, 
although DiI labelled cells were identified in all neural crest-derived structures. 
This might result from the presence of a small number of neural crest cells that 
were not in contact with the surface of neural epithelium at the time of DiI 
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injection. This limitation has been partially compensated in the present study by 
increasing the sample number of the experimental groups. Second, the dye may 
occasionally leak from the site of injection and stain the adjacent ectodermal 
cells. This problem has been partially solved by careful injection and by simply 
discarding the embryo from further analysis when there was serious leakage of 
DiI during labeling. Third, the solvent for DiI, absolute alcohol, may cause 
localized damage to the neural epithelium at the injection site. This problem has 
been solved, as in the study by Serbedzija et al (1992)，by diluting DiI stock 
solution (0.5% DiI crystal in 100% ethanol) in an isotonic, 0.3 M sucrose 
solution before use to minimize the localized damage. Cross sections in the 
present study showed the damage caused by the solvent was minimal. 
The focal labelling method was employed because the labelling 
procedure was simple and induces less surgical trauma to the embryos since the 
diameter of the injection pipette tip required for injecting the dye solution is 
small and the injection only induce small damages to the yolk sac and amion but 
not directly on the embryo itself. The labelling method also enables us to 
examine the migration of the endogenous neural crest cells rather than cells of 
exogenous origin as in the grafting method. During labelling, DiI was deposited 
at the labelling site that was limited to one prorhombomere or one somite width. 
Jf the labelling was not localized to the labelling site, the embryo would be 
discarded from further culture and analysis. Although the labelling has to be 
carefully done so that it is focal, no one can absolutely guarantee that the DiI 
would not disperse from the labelling site to the other region of the labelled 
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embryos containing the migratory cell populations such as ectodermal placodes 
(Kwan and Chan, 1996)，primitive streak (Tam and Tan, 1992) and tail bud cells 
(Chan et al., 1996). t i order to ensure the migratory pattem of DiI labelled cells 
in the mouse embryos was solely contributed by the labelled neural crest cells, 
an alternative tracing method, the orthotopic grafting of the DiI-labelled tissue 
fragment of the lateral neural epithelium, was also employed in the present study 
to compare the results from DiI focal labelling. Since the problem of dye spilling 
to regions other than the neural crest did not occur in the grafting method, it was 
highly likely that the DiI-labelled cells found in the mesenchyme of the post-
operative unlabelled embryos solely came from the labelled fragment. However, 
the distribution pattem of the labelled cardiac neural crest cells cannot be 
mapped out solely based on the results by orthotopic grafting because the 
number of labelled cells per graft was much smaller (only about 80-100 cells) 
than the actual number of the endogenous cardiac neural crest cells and the size 
of the graft fragment was only about 1/6 to 1/10 of the size of the lateral neural 
epithelium (neural crest region). Hence, the total number of the labelled cells in 
the mesenchyme by grafting was much smaller than that by labelling. However, 
the number of the labelled cells in the graft cannot be increased simply by 
increasing the size of the graft because the maximal size of the graft was 
governed by the intemal diameter of the injection (grafting) pipette. Pilot study 
showed that the optimal intemal diameter of the injection pipette was 20^im. 
When the intemal diameter was larger than this, although it can accommodate 
bigger graft, severe trauma would be inevitably induced to the visceral yolk sac, 
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amnion and the embryo itself which leads to formation of abnormalities and 
lower the survival rate of the post-operative embryos. Jn addition, a big graft 
would also affect the normal closure of the neural tube. Therefore, it is a 
dilemma in choosing a large size graft with more labelled cells and a smaller 
internal diameter in the injection pipette which induces less trauma to the 
development of the post-operative mouse embryo. Li the present study, by 
compromising these two parameters, an internal diameter of 20 pm was chosen. 
Owing to the inherent limitations of these two tracing methods 
mentioned above, both focal labelling and orthotopic grafting were used in the 
present study to see if the results obtained from these methods are corroborating 
with each other. It was found that distribution pattern of the DiI-labelled cells in 
the embryos from focal labelling and orthotopically grafting were very similar. 
Observations on the whole embryos made with both tracing methods 48 hours 
after culture showed that the labelled cells were distributed along a dorsal-to-
ventral pathway extending labelling site or graft site to branchial arches. After 
cryosectioning and examinations under a fluorescent microscope, in both groups 
of embryos which have undergone either focal labelling or orthotopic grafting, 
the labelled cells were found to scatter along a subectodermal dorsolateral 
pathway from the labelling region or grafted site to the branchial arches 
mesenchyme. The DiI labelled cells from two groups of experimental embryos 
were also found in the embryonic hearts and outflow tract. The close similarities 
in the distribution pattem of the DiI labelled cells in two groups of embryos 
means that both methods used in the present study are good for tracing neural 
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crest cell migration, ]n other words, the trauma which was inevitably introduced 
to the embryo during labelling or grafting would not affect the normal migration 
of the crest cells. Furthermore, the similarities in the distribution pattem of the 
labelled cells also indicated that both methods were labelling the same group of 
cells, i.e., the cells of neural crest origin. 
2.4.3 Location of the cardiac neural crest region along the neural tube 
The distribution of labelled cells in embryos 48 hours after culture 
showed that neural crest cells at the levels from prorhombomere C to somite 5 
contributed to cells in the subectodermal mesenchyme dorsolateral to the neural 
tube and the mesenchyme in the branchial arches. 100% of the embryos labelled 
in the prorhombomere C contained labelled neural crest cells in the mesenchyme 
dorsolateral to the pharynx and in branchialarch mesenchyme. However, only 
the neural crest cells at the levels of the somite 1 (S1) to somite 4 (S4) 
contributed cells in the cardiac outflow tract, ventricle and atria in addition to the 
contribution to the dorsolateral mesenchyme and the mesenchyme in the third, 
fourth and sixth branchial arches. Jn other words, labelled neural crest cells were 
found in the embryonic heart or cardiac outflow tract only when the labelled 
regions were confined to the S1 to S4 levels. The labelled cells were found in the 
heart as individual cells that populate the wall of cardiac outflow tract, ventricles 
and atria. Most of the cardiac neural crest cells were derived from the region of 
the neural tube at the levels of S1 (30% of the embryos labelled at the S1 level 
were found to have labelled cells in the cardiac region) and S2 (40-60% of the 
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embryos labelled at the S2 level showed labelled cells in the cardiac region), 
while only a small proportion of the neural crest cells at the levels of S3 or S4 
gave rise to cells in the cardiac region (8% of the embryos labelled at the S3 or 
S4 level showed labelled cells in the cardiac region). The regions at the levels 
cranial or caudual to the S1 to S4 levels did not give rise to cardiac neural crest 
cells. These findings agree with the observations on the rat embryos made by 
Fukiishi and Morriss-Kay (1992) in that neural crest cells at the S1 to S4 levels 
were able to migrate to the cardiac outflow tract. However, the present study 
also showed that the labelled cells were not only found in the wall of cardiac 
outflow tract but also found in the wall of ventricles and atria. The differences 
in the findings between mouse and rat may be mainly due to the fact that the 
sample number in the present study is much higher than theirs. As was 
mentioned in their report, only about 1 out of 20-40 of the labelled neural crest 
cells would take the cardiac route to enter the heart. Hence the sample number 
has to be large in order to find out the contribution of neural crest cells to the 
heart, i i the chick, however, the cardiac neural crest region extends from the 
mid-otic placode to the caudal limit of somite 3 (Kirby and Waldo, 1990). It is 
interested to note that the post-otic and pre-somite hindbrain is much longer in 
the mouse and rat than in the chick. Whether the discrepancy in the cranio-
caudal extent of the cardiac neural crest cells is due to this anatomical difference 
remains to be elucidated. 
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^ conclusion, by using techniques of focal labelling and orthotopic 
grafting, it was found that the cardiac neural crest region along the neural tube 
extends from the levels of somite 1 to somite 4. 
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Chapter Three. Initial and terminal stages ofcardiac neural 
crest cell migration 
3,1 Introduction 
Hindbrain neural crest cells play crucial roles in the development of 
craniofacial structures, thymus, thyroid gland as well as cardiac structures. They 
leave their origins in the neural tube and participate in the formation of tissues in 
the pharyngeal arches. Li addition, as was shown in the study on the mouse 
embryo in the previous chapter and other studies on the avian embryos (Kirby, 
1993)，a portion of hindbrain neural crest cells which are termed cardiac neural 
crest cells move into the cardiac regions to form tissues in the outflow tract, atria 
and ventricles. Any disturbances in the hindbrain or cardiac neural crest 
migration and differentiation are thought to result in malformations in the 
cervical region, malalignment of the heart tube and septal defects in the heart 
(Kirby and Stewart, 1983; Kirby et al., 1983; Kirby,1993; Kirby and 
WaIdo,1995; Kirby and Creazzo, 1995). However, information on the migration 
of the hindbrain neural crest cells, especially cardiac neural crest cells in 
mammals, is very scarce. One essential piece of information for studying 
cardiac neural crest cell migration is to know when the crest cells start to leave 
the neural tube and when the crest cells stop their emigration from the neural 
tube. To date, the inital stage as well as the final stage of cardiac neural crest 
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cell migration has not been identified. 
The major difficulty in studying the migration of the cardiac neural crest 
cells is that they are morphologically indistinguishable from other mesenchymal 
cells once they move into the mesenchyme. Nichols (1981) found that cetyl 
pyridimium chloride (CPC) was able to differentially stain the midbrain neural 
crest cells when the neural crest cells were still located in the dorsal part of the 
neural tube. The crest cells after CPC treatment appeared much darker than 
other cell types in the neural epithelium and mesenchyme. However, when the 
crest cells moved into the mesenchyme, the intensity of the staining decreased 
and became comparable to that of the surrounding tissues. The crest cells in the 
mesenchyme hence could no longer be distinguished. Preliminary study using 
CPC staining to examine the migration of cardiac neural crest cells from the 
neural tube indicated that mouse hindbrain cardiac neural crest cells were not as 
darkly stained as the midbrain neural crest cells and the cardiac crest cells could 
not easily be differentiated from the surrounding cells solely based on the 
intensity of the staining (Chan, 1987). 
The dorsal region of the neural tube is thought to be the origin of the 
neural crest cells. The crest cells leave their origin and go into the mesenchyme 
to form ectomesenchymal cells which then give rise to different types of 
derivatives of the embryo. Li the avian, the neural tube is formed in a cranio-
caudal sequence, meaning that a closed neural tube is formed first in the cranial 
region and then the closure of the neural tube progresses gradually to more 
caudal regions of the embryo. Li the chick, the cranial and trunk crest begin 
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their migration shortly after formation of a complete neural tube, i.e., the fusion 
of the two neural folds (Tosney，1982; Erickson and Weston, 1983; Sternberg 
and Kimber, 1986). In the rodent, however, the cranial neural crest cells form at 
the mesencephalic level when the neural plate is still widely opened, well before 
the formation of a complete neural tube (Nichols, 1981, 1986; Tan and Morriss-
Kay, 1986). Hence, in the mouse and rat embryos, the initial migration of the 
cardiac neural crest cells from the neural tube is not necessarily related to the 
closure of the cranial neural tube, and hence the stages for the migration may not 
be implicated simply by closure of the cranial neural tube. 
Studies of the avian embryo have already shown that neural crest 
migration from the neural tube follows a cranio-caudal sequence (Tosney, 1982; 
Serbedzija et al., 1991). Li the mammalian embryos, the midbrain neural crest 
cells start to migration from lateral part of the open neural tube at the 4- to 6-
somite stage (Tan and Morriss-Kay, 1986; Chan and Tam, 1988) while in the 
trunk region, neural crest cells start their migration from the dorsal part of the 
closed neural tube at the 8-12 somite stage (8.5 days of gestation) and cease 
migration at about 10.5 days of gestation (Serbedzija et al., 1990). Jf the cranio-
caudal sequence of migration is followed in the mammalian embryos, the initial 
stage for cardiac crest cell migration in the mouse embryo should be at the 4- to 
12-stages while the stage at which cardiac crest cells cease their migration from 
the neural tube should be earlier than the 10.5 days of gestation. Studies on the 
caudal hindbrain neural crest at the level of prorhombomere C of the mouse 
embryo, though not directly on cardiac neural crest crest, have already 
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indicated that neural crest cells start their migration from the caudal hindbrain at 
about 5- somite stage and ceased at the 11- to 15-somite stage (Serbedzija et al.， 
1992). 
Accompanying the migration of crest cells from the neural tube, there are 
morphological changes which lead to the epithelial-to-mesenchymal 
transformation. Preceding the onset of the migration of the trunk crest cells, 
there is already a progressive increase in the intercellular space in the basal 
aspect of the neural tube while the cells on the luminal side of the neural 
epithelium were still in close contacts via the tight junctions. Jn the dorsal part 
ofthe neural tube where crest cells are formed, cells lose their contacts with each 
other on their basal aspect, project a leading end laterally to the overlying 
mesenchyme and extend long filopedia into the fibrous extracellular meshwork 
of the mesenchyme (Tosney, 1978). Li the midbrain region of the mouse 
embryo, a complete basal lamina is formed before crest cells start to migrate. 
The onset of migration of the neural crest cells is associated with a local 
dissolution of the basal lamina which is reinstalled only after cellular migration 
ceases (Chan and Tam, 1988). The precise mechanism for removal of the basal 
lamella from the crest region is however unclear. Although the disruption of the 
complete basal lamina cannot be easily examined with routine histological 
technique, the changes in the morphology, such as loosening of the cell-cell 
contacts, changes in cell shape and derangement of the epithelial structure in the 
crest region during the migration of the crest cells can still be discemable with 
ordinary light microscopy. 
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fo this chapter, in order to determine the inital stage and final stage of 
crest cell migration from the neural tube, an exogenous marker, wheat germ 
aggulutinin gold conjugates (WGA-Au) and an in vitro whole embryo system 
were employed to label neural crest cells before the embryos were cultured in 
Wfra The WGA-Au conjugate has been shown to be a satisfactory short-term 
cell marker and it can be endocytosed and retained by the cells and their mitotic 
descendants (Smits-van Prooije et aI., 1986，1987; Chan and Tam, 1988; Chan 
and Lee, 1992; Trainor and Tam, 1995). The labelled cells can be stained easily 
by the silver enhancement method and their distribution in the embryo can easily 
be followed with light microscope after sectioning and staining (Chan and Tam, 
1988; Chan and Lee, 1992). Two different experimental approaches were used 
in the study: 
1. Haematoxylin and eosin staining. Normal embryos taken from pregnant mice 
were fixed, wax sectioned and then stained for haematoxylin and esoin to 
examine changes in histological appearance of the neural crest cells. The 
timing when morphological changes occur would indicate the stages at which 
neural crest cells start to migrate. 
2. Labelling with WGA-Au of the entire length of the cardiac neural crest region 
along the neural tube at the level between somite 1 to 4 and then labelled 
embryos were cultured for a short period of time (2-6 hours) before they were 
sectioned and examined for the presence of labelled cells. The stages at which 
the labelled cells were found in the mesenchyme would be compared with the 
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Stage at which morphological changes in the neural crest region occurred. 
61 
Chavter three: Materials and Methodx 
3.2 Materials and Methods 
3.2.1 Examination of the initial and terminal stages of migration of 
cardiac neural crest cells by haematoxylin and eosin (H&E) 
staining 
For studying the initial stage of migration of cardiac neural crest cells, 
embryos with 4 to 10 somites were collected while for studying the terminal 
stage of migration, embryos ranging from 17- to 27-somite stage were collected 
by removal of all the embryonic membranes bounded the embryos. The isolated 
embryos were fixed in Bouin picro formol fixing solution (BDH, UN2810) 
overnight, and then kept in 75% ethanol ovemight. The embryos were 
dehydrated through a series of graded ethanol (80% for 45 minutes, 95% for 30 
minutes, 100% for a total of 30 minutes with 3 changes), cleared with xylene for 
a total of 10 minutes with 2 changes, and embedded in paraffin wax for a total of 
3 hours with 3 changes. Serial sections were cut at 7jLim and stained 
haematoxylin and eosin (H&E). The sections were examined under a light 
microscope. Special attention was paid to the lateral margins of the neural 
epithelium where neural crest cells were derived. 
3.2.2 Preparation of WGA-Au 
The preparation procedure of wheat germ agglutinin gold conjugates 
CWGA-Au) was the same as the protocol described by Chan and Tam (1988). 
62 
Chavter three: Materials and Methodx 
As free WGA is a small molecule with molecular weight of 36 KD, 1 mg wheat 
germ agglutinin (WGA, Sigma L-0636) and 4 mg bovine serum albumin (BSA, 
Miles) were dissolved into 500 i^l 0.005M NaCl and the mixture was allowed to 
stand for 30 minutes until the WGA and BSA were completely dissolved. After 
that，100 i^l 0.25% glutaldehyde (SPI-Chem, 2607) were added into the WGA-
BSA mixture. After 10 minutes, when complete conjugation of WGA and BSA 
was formed, 400 ^1 WGA-Au complex was mixed with 20 ml colloidal gold 
solution (Polyscience, 09285, 0.005% of 15-25 nm particles in citric buffer pH 
5.5), which was pre-filtered with a sterile 0.22^m millipore filter in a plastic 
tube immediately before use. The pH of the solution was adjusted to 7.0 by 
several drops of O.lM K2CO3. The solution was allowed to stand for 5 minutes 
for complete absorption of the gold particles to the WGA-BSA complex. The pH 
of the solution was adjusted to 7.0 by several drops of O.lM K2CO3. 20 |il 10 % 
polyethylene glycol (Sigma, P3015)was added into the mixture. The conjugates 
were spun down at 120,000g at 4°C for 30 minutes in an ultracentrifuge 
(Beckman, L5-50). The pellet was resuspended in 100 i^l original citrate buffer. 
3.2.3 Collection of embryos for microinjection of WGA-Au 
For studying the initial stage of migration of cardiac neural crest cells, 
embryos ranging from random bred ICR mice 4- to 10- somites were selected for 
experimentation while for studying the terminal stage of migration of cardiac 
neural crest cells, 18- to 27- somite stage embryos were collected. Pregnant 
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mice ranging from 8.0 to 8.5 p.c. and 9.0 to 9.5 were killed by cervical 
dislocation. The decidual tissue, Reichert membrane and parietal yolk sac were 
carefully removed using a pair of watchmaker forceps under a dissecting 
microscope whereas the ectoplacental cone and the visceral yolk sac were left 
intact. 
The neural epithelium of the embryos ranging from 4- to 10- somite 
stage and the neural tube of 18- to 27- somite stage embryos along the cardiac 
neural crest region were labeled with WGA-Au for experimentation. 
3.2.4 WGA-Au labelling of the presumptive cardiac neural crest region 
Lijection pipettes with an internal diameter of about 10 ^m were used for 
injection of WGA-Au. These pipettes were fabricated from micropipettes of an 
internal diameter of 0.85 mm (Clark Electromedical Listruments, GC lOOT-15) 
by a vertical pipette puller (David Kopf Listruments, Model 720). The tips of the 
injection pipettes were broken off with a pair of extra fine watchmaker forceps. 
The microinjection of WGA-Au was carried out on a Leitz micromanupulator 
under a Wild stereo microscope. 
Labelling was performed in PB1 medium prewarmed at 37°C. Recipient 
embryos were held by a watchmaker forceps. During microinjection, about 0.1 
|il WGA-Au was held at the tip of the injection pipette by gently suction. The 
injection pipette was then pierced through the visceral yolk sac and the amnion 
carefully. For studying the initial stage of migration of cardiac neural crest cells, 
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and WGA-Au was dissipated accurately onto the lateral portion of neural 
epithelium and the whole cardiac neural crest region was labelled with WGA-Au 
(Fig 3.1A & B) while for studying the terminal stage of migration of cardiac 
neural crest cells, the whole cardiac neural crest region was labelled by injecting 
the WGA-Au into the lumen of the pre-otic neural tube (Fig 3.2A & B). Jf 
severe leakage of WGA-Au solution, which is deep red in colour, was observed 
under dissecting microscope after injection or the injection pipette had 
penetrated any part of the embryo, the injection was considered as an failure and 
the embryos were discarded. 
3.2.5 Embryo culture 
Embryos labelled with WGA-Au were cultured. For studying the initial 
stage of migration of cardiac neural crest cells, 4- to 10- somite stage embryos 
were cultured in groups of 4 to 5 in 5 ml culture medium. The medium was 
made up of pure heat inactivated rat serum (Appendix 3). The medium was 
equilibrated ovemight at 5 % CO2 before use. For studying the terminal stage of 
migration of the cardiac neural crest cells, 17- to 27- somite stage embryos were 
cultured in groups of 3 to 4 in 5 ml medium. The cultures were kept inside a 
roller incubator (BTC Engineering, UK) rolling at 30 rpm at 37°C for 2-6 hours. 
4- to 10-somite stage embryos were gassed with 20% O2, 5% CO2 balance in N2 
while 17- to 27- somite stage embryos were gassed with 40% O2, 5% CO2 
balanced in N2. 
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(A) Photomicrograph showing a 5-somite stage mouse embryo 
immediately after the entire cardiac neural crest region from the 
levek of somite 1 to somite 4 (Sl-S4) is labeUed with WGA-Au 
(red dye). The red arrow indicates the level where the transverse 
section shown in (B) is taken. Bar = 160 i^m. 
(B) A transverse section taken at the level of somite 2 of the 5-
somite stage mouse embryo shown in (A) showing that the apical 
epithelial surface of the neural epithelium (NE) including the neural 
crest region is labeUed with dark WGA-Au granules (blue arrows). 
S, somite; Silver enhancement staining. Bar = 50 i^m. 
Fig 3.2 
(A) Photomicrograph showing a 23-somite stage mouse embryo 
immediately after intraluminal labeUing of the neural tube with 
WGA-Au (red dye) at the level of somite 1 to somite 4 (Sl-S4, the 
entire cardiac neural crest region). The red arrow indicates the 
level where the transverse section shown in (B) is taken. Bar = 
400 ^im. 
(B) A transverse section taken at the level of somite 2 of the 23-
somite stage embryo shown in (A) showing that the luminal surface 
of the neural tube (NT) including the neural crest region is labeUed 
with dark WGA-Au granules (blue arrows). DA, dorsal aorta; P, 
primitive pharynx; AW = atrial waU; COT, cardiac outflow tract; S, 
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3.2.6 Examination of cultured embryos 
The procedure for examining the cultured embryos was the same as that 
described in 2.2.8. 
3.2.7 Silver enhancement staining 
The embryos were fixed in Camoy's fixative (Appendix 5) for 1 hour 
and then dehydrated through 75%, 85%, 95%, 100% alcohol series, cleared with 
xylene, and embedded in paraffin wax. The embryos were serially sectioned at 
7^im and mounted on 3-aminopropyltriethoxy-silane (Sigma, A-3648) coated 
glass slide (Appendix 6). The paraffin wax sections were dewaxed in xylene, 
and then hydrated through 100%, 95%, 85%, 75% alcohol series. The dewaxed 
sections were washed extensively in distilled water and incubated in silver 
developer (Appendix 7) consisting of 0.11% silver lactate (Fluka, 85210) and 
0.85% hydroquinone (BDH, 10312) in a citrate buffer at pH 3.9 for 10 to 15 
minutes in totally darkness. After that, in total darkness, the sections were 
washed throughly with distilled water by gently agitation before they were 
transferred to a photographic fixer (Agfra fixer : double distilled water = 1 : 4) 
for 5 minutes. Finally, following several washes in distilled water to remove the 
residual fixer, the sections were counter stained with 0.15% fast green for 1 
minute. 
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3.3 Results 
3.3.1 Initial stage of cardiac neural crest migration studied by 
haematoxylin and eosin staining and silver enhancement staining 
A total number of 23 mouse embryos at different stage ranging from 4-
to 10-somite stage were collected from ICR mice at 8.0 to 8.5 days p.c. (Table 
3). After they were fixed, embedded in paraffin wax, sectioned and dewaxed, 
they were stained with haematoxylin and eosin (H&E). Although H&E staining 
cannot stain up the basement membrane of the neural epithelium, the 
histological changes in the crest region including increase in intercellular space 
and the cell shape can still roughly indicate the embryonic stage at which cardiac 
neural crest cells started to migrate from the neural tube. As the neural crest 
region is at the lateral margins of the closing neural tube (Chan and Tam, 1988)， 
special attention was paid to these regions. 
Li the 6-somite stage mouse embryo, cells at the lateral margins of the 
neural epithelium at the cardiac neural crest levels (somite levels 1 to 4) were 
tightly packed with minimal intercellular space (Fig 3.3). No neural crest cells 
were seen to migrate from the lateral margins of the neural epithelium in the 
embryos examined (Table 3). However, at the 7-somite stage, in all the embryos 
examined, cells at the lateral margin of the neural epithelium along the length of 
cardiac neural crest region have already started to detach from the neural 
epithelium except S1 level (Table 3 and Fig 3.4). Some of the cells at the lateral 
margins of the closing neural tube were found to have one end closely related to 
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the neural epithelium, while the other end of the cells was already in the 
mesenchyme dorsal to the neural tube (Fig 3.4)，giving an impression that they 
were migrating out of the neural epithelium. At the 8-somite stage, in the all the 
embryos (100%, Table 3) at the somite levels 1 to 4，the neural crest cells at the 
lateral margins of the neural epithelium appeared to have started to detach from 
the neural epithelium (Fig 3.5). Therefore, results from the H & E staining 
suggested that the cardiac neural crest cells started to emigrate from the lateral 
margins of the neural tube at the somite levels 1 to 4 at the 7- to 8-somite stage. 
The stage at which the cardiac neural crest cells started to migrate from 
the neural tube was confirmed by labelling the entire cardiac neural crest region 
with WGA-Au CFig 3.1 A). When the cardiac neural crest region at the levels of 
somite 1 to 4 was labelled and the embryos were cultured to the 6-somite stage, 
labelled cells which contained dark granules in their cytoplasm were only found 
at the lateral margins of the closing neural tube (Fig 3.6) in all the embryos 
examined fTable 3). Labelled cells were never found in the mesenchyme. 
However, when the embryos were labelled and cultured to the 7-somite stage, 
almost all the embryos examined (75-100%, Table 3) showed labelled cells in 
the mesenchyme subjacent to the lateral margins of the neural epithelium CFig 
3.7)，suggesting that the earliest (initial) stage of migration was the 7-somite 
stage. 
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3.3.2 Terminal stage of cardiac neural crest migration studied by 
haematoxylin and eosin staining and silver enhancement staining 
t i order to investigate the terminal stage of migration of the cardiac 
neural crest cells from the neural tube, a total number of 41 embryos ranging 
from 17- to 27-somites were collected from ICR mice at 9.0 to 10.0 days .p.c. 
(Table 4). The embryos collected were fixed for routine histological preparation 
and then stained with haematoxylin and eosin. It was found that in all the 
embryos examined at the 22-somite stage (Table 4)，a small number of cells in 
the dorsal part of the neural tube at the levels of somite 1 to 4 (cardiac neural 
crest region) were found to have one end closely associated with the neural tube 
while the other end of the cell extending into the mesenchyme subjacent to the 
neural tube (Fig 3.8). It appeared that neural crest cells at the 22-somite stage 
were still migrating from the neural tube. However, it was found that the basal 
aspect of the dorsal part of the neural tube at the somite levels 1 to 4 of all the 
23-somite stage mouse embryos examined (Table 4) become smooth and there 
was sign of neural crest cell migration from the neural tube (Fig 3.9). 
Li order to confirm the terminal stage of migration of cardiac neural crest 
cells from the neural tube, WGA-Au was injected intralumenally into the neural 
tube at the level of pre-otic region to somite 4 (Fig 3.2A) at 17- to 27-somite 
stages (Table 4). The labelled embryos were cultured for 6 hours to find the 
somite stage at which the WGA-Au labelled cells were no longer found in the 
mesenchyme dorsal to the neural tube. The results showed that when the 
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cardiac neural crest was labelled at the 22-somite stage, labelled cells could still 
be found in the mesenchyme 6 hours after culture (Fig 3.10) in all the embryos 
examined (Table 4). However, in all the embryos labelled at the 23-somite stage 
(Table 4), labelled cells could no longer be found in the mesenchyme (Fig 3.11)， 
indicating the migration of the neural crest from the labelled neural tube ceased 






Table 3. Initial stage of migration of cardiac neural crest cells 
Examination level: S1 
No. (%) of embryos having migrating 
cells at the neural crest 
Somite number of Haematoxylin and Eosin Silver enhancement 
experimental embryos (H&E} staining  
4 0/3 (0) 0/3 (0) 
5 0/3 (0) 0/3 (0) 
6 �0/3 (0) 0/6 (0) 7 0/3 (0) 9/12 (75) 8 5/5 (100) 16/16 (100) 9 3/3 (100) 5/5 (100) 1^ 3/3 (100) 6/6 (100) 
Examination level: S2 
No. (%) of embryos having migrating 
cells at the neural crest 
Somite number of Haematoxylin and Eosin Silver enhancement 
experimental embryos (H&E) staining  
4 0/3 (0) 0/3 (0) 
5 0/3 (0) 0/3 (0) 
6 0/3 (0) 0/6 (0) 
7 3/3 (100) 9/12 (75) 
8 5/5 (100) 16/16 (100) 
9 3/3 (100) 5/5 (100) 
l_0 3/3 (100) 6/6 (100) 
Examination level: S3 
No. (%) of embryos having migrating 
cells at the neural crest 
Somite number of Haematoxylin and Eosin Silver enhancement 
experimental embryos (H&E) staining  
4 0/3 (0) 0/3 (0) 
5 0/3 (0) 0/3 (0) 
6 0/3 (0) 0/6 (0) 
7 3/3 (100) 9/12 (75) 
8 5/5 (100) 16/16 (100) 
9 3/3 (100) 5/5 (100) 
iO 3/3 (100) 6/6 (100) 
Examination level: S4 
No. (%) of embryos having migrating 
cells at the neural crest 
Somite number of Haematoxylin and Eosin Silver enhancement 
experimental embryos (H&E) staining  
4 0/3 (0) 0/3 (0) 
5 0/3 (0) 0/3 (0) 
6 0/3 (0) 0/6 (0) 
7 3/3 (100) 9/12 (75) 
8 5/5 (100) 16/16 (100) 
9 3/3(100) 5/5 (100) 
l_0 3/3 qOO) 6/6 (100) 
Table 4. Terminal stage of migration of cardiac neural crest cells 
Examination level: S1 
No. (%) of embryos without neural 
crest cells migration from the neural 
tube 
Somite number of Haematoxylin and Eosin Silver enhancement 
experimental embryos (H&E) staining  
18 0/3 (0) 0/8 (0) 
19 0/3 (0) 0/3 (0) 
20 0/3 (0) 0/5 (0) 
21 0/7(0) 0/11(0) 
22 1/11(9) 0/9(0) 
23 5/5 (100) 10/10 (100) 
24 3/3 (100) 3/3 (100) 
25 3/3 (100) 7/7 (100) 
27 3/3 (100) 3/3 (100) 
Examination level: S2 
No. (%) of embryos without neural 
crest cells migration from the neural 
tube 
Somite number of Haematoxylin and Eosin Silver enhancement 
experimental embryos (H&E) staining  
18 0/3 (0) 0/8 (0) 
19 0/3 (0) 0/3 (0) 
20 0/3 (0) 0/5 (0) 
21 0/7 (0) 0/11(0) 
22 1/11(9) 0/9(0) 
23 5/5 (100) 10/10 (100) 
24 3/3 (100) 3/3 (100) 
25 3/3 (100) 7/7 (100) 
^ 3/3 (100) 3/3 (100) 
Examination level: S3 
No. (%) of embryos without neural 
crest cells migration from the neural 
tube 
Somite number of Haematoxylin and Eosin Silver enhancement 
experimental embryos (H&gj staining  
18 0/3 (0) 0/8 (0) 
19 0/3 (0) 0/3 (0) 
20 0/3 (0) 0/5 (0) 
21 0/7(0) 0/11(0) 
22 1/11(9) 0/9 (0) 
23 5/5 (100) 10/10 (100) 
24 3/3 (100) 3/3 (100) 
25 3/3 (100) 7/7 (100) 
ZL 3/3 (100) 3/3 (100) 
Examination level: S4 
No. (%) of embryos without neural 
crest cells migration from the neural 
tube 
Somite number of Haematoxylin and Eosin Silver enhancement 
experimental embryos (H&E) staining  
18 0/3 (0) 0/8 (0) 
19 0/3 (0) 0/3 (0) 
20 0/3 (0) 0/5 (0) 
21 0/7(0) 0/11(0) 
22 1/11(9) 0/9(0) 
23 5/5 (100) 10/10 (100) 
24 3/3 (100) 3/3 (100) 
25 3/3 (100) 7/7 (100) 
27 3/3 (100) 3/3 (100) 
Fig 3.3 
Photomicrographs showing transverse sections taken from the 
cardiac neural crest region at the level of somite 1 to 4 ((A) to (D)) 
of a 6-somite stage mouse embryo. Arrows indicate the neural 
crest region. NE, neural epithelium; S, somite. Hematoxylin and 
eosin staining. Bar = 50 jim. 
(A) A transverse section at the level of somite 1. The cells of the 
neural crest region (arrows) are tightly packed and the basal surface 
of the neural epithelium is smooth, suggesting neural crest cells 
have not yet started migration from the neural epithelium at this 
level of the embryo at 6-somite stage. 
(B) A transverse section at the level of somite 2. Similar to the 
level of somite 1, the cells of the neural crest region (arrows) are 
tightly packed and the basal surface of the neural epithelium is 
smooth. No neural crest cell migration is observed. 
(C) A transverse section at the level of somite 3. Similar to the 
levels of somite 1 and 2，the cells of the neural crest region 
(arrows) are tightly packed and the basal surface of the neural 
epithelium is smooth. No neural crest cell migration is observed. 
(D) A transverse section at the level of somite 4. Similar to all 
other levels of the cardiac neural crest, the cells of the neural crest 
region (arrows) are tightly packed and the basal surface of the 
neural epithelium is smooth. No neural crest cell migration is 
observed. 
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Photomicrographs showing transverse sections taken from the cardiac 
neural crest region at the level of somite 1 to 4 ((A) to (D)) of a 7-somite 
stage mouse embryo. Arrows indicate the neural crest region. NE, neural 
epitheUum; NT, neural tube; S, somite. HematoxyUn and eosin staining. 
Bar = 50 ^un. 
(A) A transverse section at the level of somite 1. The cells of the neural 
crest region (arrows) are tigMy packed and the basal surface of the neural 
epitheUum (NE) is smooth suggesting that neural crest cell migration has 
not yet started at this level of the embryo with 7 somites. 
(B) A transverse section at the level of somite 2. The neural tube (NT) 
has akeady closed at this level. Some cells at the dorsal part of the closed 
neural tube are found to have one end closely related to the neural 
epitheUum and the other end is akeady in the mesenchyme dorsal to the 
neural tube Q)lue arrow), suggesting that these cells are the neural crest 
cells which are migrating from the neural tube to the mesenchyme. 
(C) A transverse section at the level of somite 3. Similar to the level of 
somite 2，the neural tube (NT) has akeady closed at this level and some 
cells at the dorsal part of the closed neural tube are found to have one end 
closely related to the neural epitheUum and the other end is akeady in the 
mesenchyme dorsal to the neural tube 0)lue arrow), indicating neural crest 
cell migration has aL-eady started at this level. 
(D) A transverse section at the level of somite 4. Similar to the levels of 
somite 2 and somite 3，the neural tube (NT) has akeady closed at this 
level and some cells at the dorsal part of the closed neural tube are found 
to have one end closely related to the neural epitheUum and the other end 
is already in the mesenchyme dorsal to the neural tube O l^ue arrow), 





Fig 3.5 Photomicrographs showing transverse sections taken from the 
cardiac neural crest region at the level of somite 1 to 4 ((A) to (D)) of a 8-
somite stage mouse embryo. Arrows indicate the neural crest region. NE, 
neural epitheUum; NT, neural tube; S, somite. HematoxyUn and eosin 
staining. Bar = 50pm. 
(A) A transverse section at the level of somite 1. The neural epitheUum 
(NT) is closing at this level to form the neural tube (NT). Some cells at 
the dorsal part of the closing neural tube are found to have one end closely 
related to the neural epitheUum and the other end is already in the 
mesenchyme dorsal to the neural tube O l^ue arrows), suggesting neural 
crest cell migration has akeady started at this level of the embryo with 8 
somites. 
(B) A transverse section at the level of somite 2. The neural tube (NT) 
has already closed at this level and some cells at the dorsal part of the 
closed neural tube are found to have one end closely related to the neural 
epitheUxun and the other end is akeady in the mesenchyme dorsal to the 
neural tube O l^ue arrow), suggesting neural crest cell migration has 
already started at this level. 
(C) A transverse section at the level of somite 3. Similar to the levels of 
somite 2, the neural tube (NT) has aL:eady closed at this level and some 
cells at the dorsal part of the closed neural tube are found to have one end 
closely related to the neural epitheUum and the other end is akeady in the 
mesenchyme dorsal to the neural tube 0>lue arrow), suggesting neural 
crest cell migration has already started at this level. 
(D) A transverse section at the level of somite 4. Similar to the levels of 
somite 2 and somite 3, the neural tube (NT) has akeady closed at this 
level and some cells at the dorsal part of the closed neural tube are found 
to have one end closely related to the neural epitheUum and the other end 
is akeady in the mesenchyme dorsal to the neural tube Q l^ue arrow), 
suggesting neural crest cell migration at this level. 
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Fig 3.6 Photomicrographs showing transverse sections taken at the 
levels of somite 1 to somite 4 ((A) to (D)) of an embryo with 6 somites. 
The embryo has been cultured for 2 hours after WGA-Au labelling of 
the entire cardiac neural crest region at the levels of somite 1 to somite 4 
(see also Fig. 3.1). Arrowheads indicate the neural crest region which is 
labelled with dark WGA-Au granules. NE, neural epithelium; S，somite. 
Silver enhancement staining. Bar = 50 ^m. 
(A) A transverse section at the level of somite 1. Labelled cells 
containing dark WGA-Au granules in their cytoplasm are found only at 
the lateral margin of a closing neural epithelium (arrowheads). No 
labelled cells are observed in the mesenchyme, indicating that no 
labelled neural crest cells have migrated from the neural epithelium into 
the mesenchyme at this level of the embryo with 6 somites. 
(B) A transverse section at the level of somite 2. Similar to the level of 
somite 1，labelled cells containing dark WGA-Au granules in their 
cytoplasm are found only at the lateral margin of a closing neural 
epithelium (arrowheads). No labelled cells are observed in the 
mesenchyme, indicating that neural crest cell migration has not yet 
started at this level. 
(C) A transverse section at the level of somite 3. Similar to the levels of 
somite 1 and somite 2, labelled cells containing dark WGA-Au granules 
in their cytoplasm are found only at the lateral margin of a closing neural 
epithelium (arrowheads). No labelled cells are observed in the 
mesenchyme, indicating that neural crest cell migration has not yet 
started. 
(D) A transverse section at the level of somite 4. Similar to other levels 
of cardiac neural crest, labelled cells containing dark WGA-Au granules 
in their cytoplasm are found only at the lateral margin of a closing neural 
epithelium (arrowheads). No labelled cells are observed in the 
mesenchyme, indicating that neural crest cell migration has not yet 

















Fig 3.7 Photomicrographs showing transverse sections taken at the 
levels of somite 1 to somite 4 ((A) to (D)) of an embryo with 7 somites. 
The embryo has been cultured for 4 hours after WGA-Au labelling of 
the entire cardiac neural crest region at the levels of somite 1 to somite 4 
(see also Fig. 3.1). Arrowheads indicate the neural crest region which is 
labelled with dark WGA-Au granules. NE, neural epithelium; NT, 
neural tube; S, somite. Silver enhancement staining. Bar = 50 ^m. 
(A) A transverse section at the level of somite 1. The neural epithelium 
(NE) has not yet closed to form the neural tube. The neural crest cells at 
the lateral margins of the closing neural epithelium, though heavily 
labelled with dark WGA-Au granules (arrowheads), are restricted to the 
neural crest without going into the mesenchyme, indicating neural crest 
cell migration has not yet started at this level. 
(B) A transverse section at the level of somite 2. The neural tube (NT) 
is closing. Labelled cells containing dark granules in their cytoplasm 
(arrowheads) are found in the mesenchyme subjacent to the dorsal 
margins of the neural tube, indicating that neural crest cell migration has 
just started at this level. 
(C) A transverse section at the level of somite 3. The neural tube (NT) 
has already closed at this level. Labelled cells containing dark granules 
in their cytoplasm (arrowheads) are found in the mesenchyme subjacent 
to the dorsal margin of the neural tube, indicating that neural crest cell 
migration has already started at this level. 
(D) A transverse section at the level of somite 4. The neural tube (NT) 
is closed at this level. Labelled cells containing dark granules in their 
cytoplasm (arrowheads) are found in the mesenchyme subjacent to the 
dorsal margin of the neural tube, indicating that neural crest cell 








Photomicrographs of transverse sections taken from the level of the 
cardiac neural crest region which extends from the levels of somite 1 to 
somite 4 ((A) to (D)) of an embryo with 22 somites. Left panels (A) to 
(D) (Bar = 150 ^m) are orientation diagrams which show the region 
(enclosed by the dotted box) magnified in the right panels (A1) to (D1) 
(Bar = 25 i^m). Arrows indicate the cell having one end associated with 
the neural tube while the other end of the cell is extending into the 
mesenchyme dorsal to the neural tube. These elongated cells appear to 
be neural crest cells which are still migrating from the neural tube (NT). 
Hematoxylin and eosin staining. 
(A) and (A1) A transverse section taken at the level of somite 1. An 
elongated cell (arrow) is extending from the neural tube into the 
mesenchyme indicating neural crest cell migration has not yet ceased at 
this level of the embryo with 22 somites. 
(B) and (B1) A transverse section taken at the level of somite 2. An 
elongated cell (arrow) is extending from the neural tube into the 
mesenchyme indicating neural crest cell migration has not yet ceased at 
this level. 
(C) and (C1) A transverse section taken at the level of somite 3. Similar 
to the levels of somite 1 and somite 2，an elongated cell (arrow) is 
extending from the neural tube into the mesenchyme indicating neural 
crest cell migration has not yet ceased at this level. 
(D) and (D1) A transverse section taken at the level of somite 4. Similar 
to other levels of the cardiac neural crest region, elongated cells (arrows) 
are found to extend from the neural tube into the mesenchyme indicating 
neural crest cell migration has not yet ceased at this level. 
醒^^ 





•  111 »R^
 
Fig 3.9 
Photomicrographs of transverse sections taken from the level of the 
cardiac neural crest region which extends from the levels of somite 
1 to somite 4 ((A) to (D)) of an embryo with 23 somites. Left 
panels (A) to (D) (Bar = 150 |im) are orientation diagrams which 
show the region (enclosed by the dotted box) magnified in the right 
panels (A1) to (D1) (Bar = 25 ^im). At all the four levels (somite 1 
to somite 4) examined, the dorsal part of the neural tube (NT) is 
smooth and no elongated cells are found to extend from the neural 
tube into the overlying mesenchyme, indicating that neural crest 
cell migration has already ceased at all cardiac neural crest levels 
of the embryo with 23 somites. Hematoxylin and eosin staining. 
(A) and (A1) A transverse section taken at the level of somite 1. 
(B) and (B1) A transverse section taken at the level of somite 2. 
(C) and (C1) A transverse section taken at the level of somite 3. 














Photomicrographs of transverse sections taken from the level of the 
cardiac neural crest region which extends from the levels of somite 
1 to somite 4 ((A) to (D)) of an embryo with 22 somites. Upper 
panels (A) to (D) (Bar = 100 ^im) are orientation diagrams which 
show the region (enclosed by the dotted box) magnified in the 
lower panels (Al) to (D1) (Bar = 50 ^im). The embryo has been 
labelled with WGA-Au at the cardiac neural crest levels (somites 1 
to 4, please refer to Fig 3.2) and cultured for 4 hours. At all the 
four levels (somite 1 to somite 4) examined, cells with dark WGA-
Au granules (arrowheads) are found in the mesenchyme dorsal to 
the neural tube (NT), indicating that labelled neural crest cells are 
still migrating from the neural tube into the mesenchyme in 22-
somite stage mouse embryos. S, somite. Silver enhancement 
staining. 
(A) and (Al) A transverse section taken at the level of somite 1. 
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Fig 3.10 (continued) 
















































































Fig 3.10 (continued) 
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Fig 3.10 (continued) 
(D) and (D1) A transverse section taken at the level of somite 4. 
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Fig3.11 
Photomicrographs of transverse sections taken from the level of the 
cardiac neural crest region which extends from the levels of somite 
1 to somite 4 ((A) to (D)) of an embryo with 23 somites. Upper 
panels (A) to (D) (Bar = 100 jim) are orientation diagrams which 
show the region (enclosed by the dotted box) magnified in the 
lower panels (A1) to (D1) (Bar 二 50 ^im). The embryo has been 
labelled with WGA-Au at the cardiac neural crest levels (somites 1 
to 4，please refer to Fig 3.2) and cultured for 4 hours. At all the 
four cardiac neural crest levels (somite 1 to somite 4) examined, 
the basal aspect of the dorsal neural tube (NT) is smooth and no 
labelled cells with dark granules are found in the mesenchyme, 
indicating that neural crest cell migration has already ceased at all 
cardiac neural crest levels of the embryo with 23 somites. S, 
somite. Silver enhancement staining. 
(A) and (A1) A transverse section taken at the level of somite 1. 
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Fig 3.11 (continued) 
(B) and (B 1) A transverse section taken at the level of somite 2. 
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Fig 3.11 (continued) 
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Fig 3.11 (continued) 





































































































Chapter three: Discussion 
3.4 Discussion 
The study in this chapter aimed to establish the initial stage at which the 
cardiac neural crest cells started to migrate from the neural tube and the terminal 
stage at which the cardiac neural crest cells ceased their migration from their 
origin. As the cardiac neural crest region has been shown to extend from the 
levels of somite 1 to somite 4 in the previous chapter (Chapter 2), the whole 
entire cardiac neural crest region was labelled with WGA-Au and the labelled 
embryos were cultured for 6 hours. An exogenous dye, wheat Germ agglutinin-
gold (WGA-Au) was employed as a cell marker to label the premigratory cardiac 
neural crest cells because the marker has been shown to be a satisfactory short-
term cell marker (Tam and Beddingdton, 1987; Chan and Tam, 1988). 
3.4.1 Wheat germ agglutinin-gold conjugate OVGA-Au) as a cell marker 
WGA-Au has been shown to be stable and cell localized without 
indiscriminate transfer between cells. The dye after endocytosis into the cells 
will be stored in cytoplasmic vesicles and will not induce damages to the cell 
(Harper et aI., 1980; Gonatas et al., 1984; Broadwell and Balin, 1985; Smits van 
Proojie et al., 1986，1987; Chan and Tam, 1988; Trainor and Tam, 1995). Two 
hours after the binding to the cell surface, the dye is endocytosed and retained by 
ectodermal cells and their mitotic descendants for a considerable period (at least 
24 hours) of in vitro development (Chan and Tam, 1988; Chan and Lee, 1992). 
Hence after the neural crest was labelled with WGA-Au and the 
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embryos were allowed to develop in culture for 6 hours, the neural crest cells 
c6uld then have enough time to take up enough WGA-Au and endocytosed the 
dye into their cytoplasm. The migration of gold-laden cells could hence be 
easily followed after silver enhancement staining. Since WGA-Au is not able to 
diffuse across the surface epithelium (Chan and Tam, 1988; Tan and Morriss-
Kay，1986), labelled cells in the mesenchyme should therefore be all derived 
from the neural crest. 
3.4.2 Initial stage for cardiac neural crest cell migration 
It was found that WGA-Au-labelled cardiac neural crest cells started to 
appear in the mesenchyme immediately dorsal to the close neural tube of most 
(75%) of the embryos at the 7-somite stage, indicating that cardiac neural crest 
cells began to leave the neural tube into the dorsal mesenchyme in the majority 
of mouse embryos at the 7-somite stage. At the 7-somite stage, cells started to 
leave the neural tube throughout the entire cardiac neural crest region which 
extends cranio-caudally from the levels of somite 1 to somite 4. ln other words, 
along the entire cranio-caudal length of the cardiac neural crest region of the 
neural tube, cardiac neural crest cells started to migrate from the neural tube all 
at the same stage. This finding is consistent with the observations on the 
histological appearance of the cardiac neural crest after routine haematoxylin and 
eosin staining. Before the neural crest cells migrate away from their origin in the 
dorsal neural tube, cells in the crest region loosen up and extracellular space 
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appears between the epithelial cells (Nichols, 1981; Nichols, 1986). The 
junctional complexes between cells start to lose on their basal aspect although 
they still have close contacts on their apical surface (Nichols, 1981). These 
histological changes can be easily observed during the early formation of the 
neural crest cells within the neural epithelium, ln the present study, an increase 
in intracellular space and loosening of the epithelial cells in the dorsal part of the 
neural tube started to appear at the 7-somite stage along the entire cranio-caudal 
length of the cardiac neural crest region (cranio-caudal levels of somite 1 to 4). 
Careful examinations on the neural crest region also found that cells with a 
leading head appeared to protrude from the neural epithelium to the overlying 
mesenchyme. The histological appearance suggests that they were leaving the 
neural epithelium forming the neural crest cells. Hence, the histological 
observations corroborate with the findings obtained from WGA-Au labelling. 
The present finding that cardiac neural crest cells along the whole length 
of the cardiac neural crest region of the neural tube start to leave their origin all 
the 7-somite stage has not been reported. Jn the chick, the neural crest in the 
post-otic hindbrain was reported to start their migration at about stage 9-10 
(Shigetani et al., 1995) when the embryo has about 6-10 somites. However, they 
focused on the post-otic hindbrain neural crest without put emphasis on the 
cardiac neural crest cells. Moreover, they had not specifically examined the 
stage for initial migration of the neural crest cells at the first few somite level. Jn 
the rat, the cardiac neural crest was suggested to locate at the levels of somite 1 
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to 4 (Fukiishi and Morriss-Kay, 1992) but no data was presented to show the 
developmental stage at which the cardiac neural crest cells start to migrate. The 
rat neural crest cells at more cranially level, e.g. posterior midbrain, however, 
started their migration at the end of the 4-somite stage (tnai et al., 1996). 
Studies on the hindbrain crest cells of the mouse embryos (Osuxni-Yamashita et 
aL, 1996) suggust that the crest cells started to migrate at the early somite stage 
(3-10 somite stage), ln the posterior midbrain, the mouse neural crest cells 
began their migration from the neural tube at about 3-4 somite stage (Osumi-
Yamashita et aI., 1996). The results of the present study represent the first piece 
of evidence to show that the mouse cardiac neural crest start to migrate from the 
neural tube precisely at the 7-somite stage. 
3.4.3 Terminal stage for cardiac neural crest cell migration 
Labelling with WGA-Au of the entire cardiac neural crest region in 
embryos at progressively older embryos showed that all (100%) the embryos 
which were successfully labelled did not show labelled cells in the mesenchyme 
immediately dorsal to the cardiac neural crest region when the embryos were 
labelled at the 23-somite stage onwards. Furthermore, the entire cranio-caudal 
length of the cardiac neural crest region did not show labelled cells coming out 
of the neural tube at or after the 23-somite stage. These findings indicate that all 
the cardiac neural crest cells along the entire neural crest region ceased their 
migration at the same time, i.e., all at the 23-somite stage. 
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When neural crest cells finish their migration form the neural tube, a 
complete basal lamina is formed and the cells in the dorsal part of the neural 
tube resume their epithelial appearance (Nichols, 1986; Chan and Tam, 1988; 
Martins-Green and Erickson, 1986). Histologically, the basal aspect of the 
dorsal neural tube becomes smooth and the intercellular space between cells is 
reduced dramatically (Nichols, 1986). When the embryos at or after the 23-
somtie stage were examined with routine histological staining, it was found that 
the basal aspect of the dorsal neural tube along the entire cranio-caudal length of 
the cardiac crest region was smooth and the epithelial cells were densely packed 
within the neural tube. At stages earlier than the 23-somite stage, cells 
protruding from the neural tube into overlying mesenchyme, large intercellular 
space in the neural crest region and an interrupted basal epithelium in the crest 
region were found. Therefore, the histological observations corroborate with the 
findings from labelling the neural crest with WGA-Au in that all the migration 
of cells from the cardiac neural crest region ceased at the 23-somite stage. 
However, although both the results from the histological examinations and 
WGA-Au labelling are consistent with each other, there are possibilities that 
errors may occur. These approaches may slightly overestimate the duration of 
cardiac neural crest cells emigration, because neural crest cells can migrate 
rostrally or caudally for short distances from their levels of origin (Teillet et al., 
1987). The labelled crest cells may migrate from ‘younger，caudal regions to 
‘older，levels would results in overestimation. However, since a short culture 
75 
Chapter three: Discussion 
period of 6 hours was employed in the present study and cranio-caudal migration 
ofthe crest cells was not evident, the overestimation will not be serious. 
Therefore, the results from silver enhancement staining and H&E 
staining showed that the terminal stage for cardiac neural crest cells migration at 
the somite 1 to somite 4 levels was the 23-somite stage. To the best my 
knowledge, no information on the terminal stage of migration of cardiac neural 
crest cells in the mouse or other species is available to date. 
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Chapter Four. Migration pathways of cardiac neural crest cells 
4.1 Introduction 
After neural crest cells leave their cellular origins in the neural tube, they 
move along specific pathways in the mesenchyme to go to different regions of 
the embryo where they will give rise to different types of derivatives. Although 
not much is known about the migration pathways of the mammalian cardiac 
neural crest cells, it has been shown at the midbrain or rostral hindbrain levels, 
both mouse and chick cranial neural crest cells migrate ventrolaterally along 
subectodermal regions that extend from the tube into the each pharyngeal arch 
(Chan and Tam, 1988; Lumsden et al., 1991; Serbedzija et al., 1992). However, 
there is still a lot of discrepancies in cranial neural crest cells migration among 
mammalian and avian embryos. The cranial neural crest cell migration in 
mammals is not restricted to the characteristic subectodermal pathway described 
for the cranial neural crest cells in birds (Johnston, 1966; Thiery et al., 1984). 
For instance, in the midbrain or rostral hindbrain, neural crest cells of the rat 
embryo migrate through a multitude of routes as dispersed streams of cells 
within the cranial mesenchyme, while chick neural crest cells migrate in 
compact masses along more superficial subectodermal pathways (Le Douarin, 
1982; Tan and Morriss-Kay, 1996; Noden, 1988; Serbedzija et al., 1992). 
Furthermore, the majority of the cranial neural crests in mammals are released 
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from wide opened neural folds (Chan and Tam, 1988; Tan and Morriss-Kay, 
1986)，and thus the mammalian cranial neural crest cells can never migrate 
across the midline. Jn contrast, migration across the dorsal midline normally 
occurs among the cranial neural crest cells of avian embryos because the crest 
cells start to migrate only when the neural crest are closing (Noden, 1975； 
Nakamura and Ayer-Le Lievre, 1982). The crossing of crest cells over the dorsal 
midline provides a mechanism, unavailable to mammals, for mixing of cells 
from both sides of the embryo. 
^ avian embryos, the initial migration pathways of the cardiac neural 
crest cells have been described in detail by Kuratani and Kirby (1991): the first 
phase of the migration of cardiac neural crest cells follows the dorsolateral 
pathway beneath the ectoderm, ln the first site of arrest, cardiac neural crest cells 
form a longitudinal mass of neural-crest cells called circumpharyngeal crest. 
This mass is located dorsolateral to the dorsal edge of the pericardium. During 
the second phase of migration, a distinctive strand of neural crest cells, called the 
anterior tract, arises from the mid-otic level and ends in the circumpharyngeal 
crest. By the stage 14 when the third phase of migration starts at the occipital 
somite level, ventrolateral migration of the neural crest cells is observed within 
the anterior half of each somite. Li the fourth phase which starts at the stage 16， 
the first somite begins to disperse and another strand of neural crest cells called 
the posterior tract, appears dorsal to the circumpharyngeal crest. It forms an arch-
like pathway along the anterior border of the second somite. The crest cells then 
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seed pharyngeal ectomesenchyme before the formation of pharyngeal arches in 
the post-otic area. 
The subsequent migration of the cardiac neural crest at later stages of 
development has also been described in the avian embryos. After they are 
arrested in their migration in the circumpharyngeal ridge, they seed pharyngeal 
arches 3，4 and 6 as they form (Kurantani and Kirby, 1991). The 
ectomesenchymal cells contribute to derivatives of the pharyngeal apparatus and 
the outflow tract of the heart. The more rostral region of the cardiac neural crest 
contributes to pharyngeal arches 2 and 3，while the more posterior regions of the 
cardiac neural crest contribute to more caudal pharyngeal arches. However, it 
does not appear to be linear restriction in distribution of neural crest cells into 
each pharyngeal arch, this may be related to their delayed migration and mixing 
in the circumpharyngeal region (Le Lievre and Le Douarin, 1975; Noden, 1983; 
Miyagawa-Tomita et al., 1991). 
ln avian embryos there are already have a lot of detailed descriptions for 
the early and late migration of the cardiac neural crest cells in avian embryos 
(Miyagawa-Tomita et al., 1991; Kuratani and Kirby, 1991). However, in 
mammalian embryos, little information on the migration of cardiac neural crest 
cells has been reported. Since the information on the migration pathway of the 
cardiac neural crest cells from the chick or from the rat may be different from 
that in the mouse, experiments on mouse embryos were designed to show: 
1. the migration of the neural crest cells at different developemental stages; and 
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2. the final distriubtion of the neural crest cells in the embryos. 
Mouse embryos were isolated at a stage before the migration of the 
cardiac neural crest cells starts (i.e. 4- to 6-somite stage, see Chapter 3). They 
were then labelled with wheat germ agglutinin gold conjugates CWGA-Au) by 
focal injection of the dye into the cardiac neural crest region at the levels of 
somite 1，2, 3 and 4. The labelled embryos were cultured for a variable period of 
time (0-24 hours) in an in vitro whole embryo culture system before they were 
fixed，sectioned and stained. The distribution of labelled cells was then mapped 
at different stages by planimetric reconstruction of the serial sections of the 
embryos. The migration pathways of the cardiac neural crest cells were also 
examined in this chapter by grafting of WGA-Au-labelled neural crest to the 
same neural crest region (orthotopic grafting) of an unlabelled host embryo. The 
grafting levels included the axial levels somites 1 to 4. The embryos following 
grafting were similarly cultured, sectioned, stained and examined for the 
distribution of the labelled cells. For studying the final distribution of the 
cardiac neural crest in different regions of the embryo, WGA-Au is not a good 
labelling marker because the signals from the WGA-Au begin to lose one day 
after the labelling. Thus a relatively long term fluorescent marker DiI was used 
in tracing the final location of the cardiac neural crest cells. A similar labelling 
technique, that is, focal labelling by DiI of the crest region in different regions 
along the hindbrain, and orthotopic grafting, i.e. grafting a piece of DiI labelled 
neural crest to an unlabelled host embryo, were employed. However, a longer in 
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vz>c> whole embryo culture period (40 to 48 hours) was chosen to determine the 
fmal distribution of the cardiac neural crest in different regions of the embryo, 
i i addition, in order to determine if the migration of cardiac neural crest cells is 
active or passive movement, some inert, non-cellular, non-living latex beads 
coated WGA-Au were also grafted to the neural crest region. Jn the midbrain 
and hindbrain, it has already been shown that some of latex beads incorporated 
to the neural crest were able to leave the neural tube and translocate a short 
distance in the mesenchyme. The beads however remained in the mesenchyme 
adjacent to the dorsal part of the neural tube (Chan and Lee, 1992), indicating 
that cranial neural crest cells, unlike the latex beads, are able to undergo active 
migration to various regions more ventral than the latex beads did. The size of 
the latex beads (7-11 |im in diameter) used in the present study was similar to 
the average size of an embryonic cells in early development and the beads were 
coated with WGA-Au to enable an easy visualization of the beads after 
sectioning and staining. 
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4.2 Materials and Methods 
4.2.1 Preparation of DiI 
The procedure is exactly the same as that in 2.2.1. 
4.2.2 Preparation of WGA-Au 
The procedure is exactly the same as that in 3.2.2. 
4.2.3 Embryo collection 
All random bred ICR mice from 8.0 to 8.5 days p.c. were killed by 
cervical dislocation and the embryos were dissected out from the uterus and 
placed in PB1 medium (Appendix 1) prewarmed at 37�C. The decidua, Reichert 
membrane and parietal yolk sac were carefully removed by using a pair of 
watchmaker forceps under a dissecting microscope whereas the ectoplacentaI 
cone and the visceral yolk sac were left intact. Embryos ranging from 4 to 6 
somites were selected for microinjection of WGA-Au or DiI, for grafting of 
WGA-Au or DiI labelled donor tissue from the lateral neural epithelium, and for 
microinjection of WGA-Au labelled latex beads. 
4.2.4 Microinjection of WGA-Au and DiI 
The procedure was exactly the same as that in 2.2.3. 
82 
Chavter four: Materials and Methods 
4.2.5 Isolation of tissue fragments from the lateral neural epithelium 
The procedure was the same as that in 2.2.4. 
4.2.6 WGA-Au labelling of the donor fragments from the lateral neural 
epithelium 
The isolated tissue fragments from the lateral portion of neural 
epithelium were labelled by dropping 0.5 i^l WGA-Au into 2 ml PB1 containing 
the donor tissue. About 5 minutes was allowed for the complete absorption of 
the WGA-Au by the donor tissues. Then, the labeled donor tissues were washed 
extensively in several changes ofPBl to remove the residue dye. 
4.2.7 DiI labelling of the donor neural epithelium 
The labelling procedure was the same as that described in 2.2.5. 
4.2.8 Grafting of WGA-Au or DiI-labeIled donor tissues from the lateral 
neural epithelium 
The procedure was exactly the same as that in 2.2.6. 
4.2.9 Coating of latex beads by WGA-Au 
As the procedure described by Chan and Lee (1992)，the polystyrene 
latex beads (Sigma LB-120, 10% aqueous suspension) with a mean diameter 
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11.9± 1.9 ^m were added into a small drop ofPBS (500 jnl) and 0.5 ^1 WGA-Au 
were added into the latex beads. Then, at room temperature, 15 minutes was 
allowed for complete absorption of WGA-Au. The coated beads were then 
washed twice by centrifugation with PBS and resuspend in PBS. 
4.2.10 Microinjection of WGA-Au-coated latex beads 
The injection procedure ofWGA-Au-coated latex beads was the same as 
that in grafting of WGA- Au labelled donor tissue. The WGA-Au coated latex 
beads were carefully dissipated onto the lateral plate of neural epithelium within 
the cardiac neural crest region along the neural axis. 
4.2.11 Embryo culture 
After microinjection of DiI or WGA-Au, grafting of DiI labelled or 
WGA-Au labelled lateral neural epithelium and WGA-Au coated latex beads 
were carried out in embryos with 4 to 6 somites. Experimental embryos were 
cultured, in groups of 4 to 5，in 5 ml pure heat inactivated rat serum. The 
medium was equilibrated ovemight at 5 % CO2 before use. The culture was kept 
inside a roller incubator (BTC Engineering, UK) rolling at 30 rpm at 37°C for 8 
to 48 hours. The gas composition was similar to that described by Beddington 
(1988). ln brief, during the first day of culture, the embryos were gassed with 
20% O2, 5% CO2 and 75% N2 every 8 to 10 hours, &i the following day, the O2 
proportion of the gas mixture was raised to 40%. When the experimental 
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embryos grew up to 10.25 days p.c. (about 28-somite stage), the O2 proportion of 
the gas mixture was raised to 95%. 
4.2.12 Examination of cultured embryos 
Cultured embryos were harvested at 8, 18, 24, 36 and 48 hours after 
cultured. Following culture, embryos were transferred to warm PB1 medium for 
immediately examination of the yolk sac circulation and the heart beat and then, 
freed from the embryonic membranes, examined for the other morphological 
features as that described in 2.2.8. 
4.2.13 Silver enhancement staining of the WGA-Au labelled sections 
The procedure was the same as that in 3.2.7. 
4.2.14 Cryosection 
The procedure was exactly the same as that in 2.2.9. 
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4.3 Results 
4.3.1 Distribution of labelled cells after WGA-Au labelling or orthotopic 
grafting 
Different regions along the presumptive cardiac neural crest region (at 
the level of somite 1 to somite 4) of 5- to 6-somite stage mouse embryos were 
focally labelled with WGA-Au or orthotopically grafted with WGA-Au-labelled 
fragment from the lateral neural epithelium before the onset of migration of 
cardiac neural crest cells from the neural tube (see Chapter 3). When the 
embryos were sectioned and examined immediately after focal labelling and 
orthotopic grafting, it was found that the neural crest region was heavily labelled 
with WGA-Au dark granules (Fig. 4.1) and the WGA-Au-labelled graft was 
precisely located on the dorsal side of the neural crest (Fig. 4.2). 
After WGA-Au labelling at the 5- to 6-somite stage, the embryos were 
cultured for 8 hours and the embryos developed to the 9-somite stage (Fig 4.3A). 
Cross section at the level of the labelled site (at the level of somite 2) showed 
that the labelled cells were found in four distinct regions in all the embryos 
examined (Table 5): (1) the mesenchyme dorsal to the neural tube (Fig. 4.3 B & 
C), (2) the mesenchyme between the surface epithelium and somite (Fig 4.3B), 
(3) the mesenchyme between neural tube and somite (Fig 4.3 B) and (4) the 
mesenchyme between two consecutive somites (Fig 4.3 C). Similar distribution 
of labelled cells was found when the embryos were orthotopically grafted with a 
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WGA-Au-labelled fragment from the lateral neural epithelium and cultured for 
the same period (8 hours) (Table 5). Li the sagittal plane of the embryo after 
orthotopic grafting, WGA-Au labelled cells were observed in the intersomitic 
space between two consecutive somites (Fig 4.3 D). 
At the 17-somite stage, i.e. 18 hours after the labelling (Fig 4.4 A)，the 
labelled cells were found in the cross sections to scatter in the mesenchymal 
pathway from the dorsal part of the neural tube to the region dorsolateral to the 
primitive pharynx through the mesenchyme dorsolateral to the dorsal aorta (Fig. 
4.4 B). The distribution of the labelled cells was similar in all the embryos 
examined when the neural crest was labelled at all levels from somite 1 to 
somite 4 (Table 6). When neural crest region of the neural tube was 
orthotopically grafted with WGA-Au-labelled fragment from the lateral neural 
epithelium (Fig 4.4 C), similar distribution pattem of labelled cells was found. 
The labelled cells spread from the dorsal part of the neural tube to the region 
dorsolateral to the dorsal aorta and then to the region dorsolateral to the primitive 
pharynx (Fig. 4.4 D). The distribution pattem was similar in all the embryos 
examined when the graft was placed at all levels from somite 1 to somite 4 
(Table 6). At this stage, the third, fourth and sixth branchial arches have not yet 
fully developed (Fig 4.4 A & C). 
At the 21-somite stage mouse embryos (24 hours after culture) (Fig 4.5 
A, C), the third branchial arches began to form and the mesenchyme lateral to 
the primitive pharynx starts to expand. Cross sections of the embryos with their 
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neural crest region labelled with WGA-Au showed that the WGA-Au labelled 
cells did not move very much more ventrally than the embryos examined at the 
previous stage, i.e., 17-somite stage (Fig 4.5 B). The labelled crest cells were 
still distributed along the same pathways as was at the 17-somite stage. They 
scattered in the mesenchymal regions extending from the dorsal side of the 
neural tube to the region dorsolateral or lateral to the pharynx (Fig 4.5 B). Some 
cardiac neural crest cells moved to the expanding branchial arch lateral to the 
pharynx and contributed to the cells in the branchial arch mesenchyme. The 
distribution patterns of labelled cells derived from different axial levels (the 
levels of somite 1 to 4) in all the embryos examined were very similar (Table 6). 
Hence, it appeared that at the stages from 17- to 21-somites, the labelled cells 
were temporarily arrested in the regions dorsolateral or lateral to the developing 
pharynx. A similar distribution of the labelled cells was found when the 
embryos were grafted with a WGA-Au fragment from the lateral neural 
epithelium (Table 6，Fig 4. 5 D). 
4.3.2 Distribution of labelled cells after DiI labelling or orthotopic 
grafting 
As WGA-Au-labelled cells cannot retain their labelling signals for more 
than 24 hours, embryos cultured for more than 24 hours were focally labelled 
with DiI or orthotopically grafted with a DiI-labelled fragment from the lateral 
neural epithelium at the 5- to 6-somite stage. At the 26-somite stage (36 hours 
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after culture) (Fig 4.6 A), cross sections of the embryos either focally labelled or 
orthotopically grafted showed similar distribution patterns of labelled cells 
(Table 6). DiI labelled cells were distributed in the pathways from the 
mesenchyme dorsal to the neural tube (Fig. 4.6 B, C & D) subectodermally to 
the branchial arch mesenchyme (Fig 4.6 B & C), mesenchyme dorsolateral and 
lateral to the primitive pharynx (Fig. 4.6 C & D) and mesenchyme ventral to the 
primitive pharynx (Fig. 4.6 C & D). Some labelled cells were found just under 
the dorsal surface epithelium (Fig 4.6 E) and in the third (n^ and fourth (FV) 
branchial arch mesenchyme (Fig 4.6 F). Hence it seemed that the labelled cells 
at this stage continued their migration into some more ventral region including 
the mesenchyme ventral to the pharynx, ln all the embryos labelled or grafted at 
different somite levels (somite 1 to somite 4), the distribution patterns of labelled 
cells were similar (Table 6). At this stage, some labelled cells were seen at the 
distal end of the truncus arteriosus of the cardiac outflow tract (Fig 4.6 D). 
However, no labelling cells were found in the mesenchyme of the outflow tract 
nor other cardiac regions. 
At the 32-somite stage (48 hours after culture), the embryos after 
labelling or orthotopic grafting appeared morphologically normal (Fig 4.7 A). 
Cross sections of the embryos with either DiI-labelling or orthotopic grafting 
showed similar distribution patterns of the labelled cells (Table 6). Jn the 
embryos focally labelled at the neural crest region, labelled cells were not only 
found along the dorsolateral subectodermal pathway extending from the dorsal 
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part of the neural tube to the region ventral to the pharynx (Fig 4.7 B) but also in 
the wall of cardiac outflow tract (Fig 4.7 D, F), ventricular wall (Fig 4.7 G) and 
atrial wall (Fig 4.7 H). When the neural crest region was labelled at the levels of 
somite 1 and 2，all the embryos examined showed labelled cells in the outflow 
tract, ventricular wall and atrial wall (Table 6). However, when the labelling 
level was at the levels of somite 3 and 4，only 10% and 25% of the respective 
embryos examined showed labelled cells in the outflow tract, ventricular wall 
and atrial wall (Table 6). When cross sections of the embryos with orthotopic 
graft were examined, it was found that the distribution pattem of DiI labelled 
cells (Fig 4.7 C) was similar to that from focal labelling (Fig 4.7 B). In the 
grafting experiment, DiI labelled cells were also found in the wall of the cardiac 
outflow tract (Fig 4.7 E). However, only when the graft was placed at the level 
of somite 2，labelled cells were found in the cardiac outflow tract in 33% of the 
embryos examined (Table 6). 
4.3.3 Distribution of latex beads 
Li order to investigate the migrating potential of the cardiac neural crest 
cells, latex beads with the size similar to that of the cardiac neural crest cells 
were microinjected into the entire cardiac neural crest region and the cultured for 
24 hours in vitro culture. Cross sections of the microinjected embryos (Fig 4.8), 
showed that in 7 out of 8 embryos (88%) latex beads were distributed along the 
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lateral subectodermal pathway. The most ventral position where latex beads 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Photomicrograph of a transverse section taken from the level of 
somite 1 (S1) of a 5-somite embryo immediately after focal labeUing 
of the cardiac neural crest region at S1. The lateral margins of the 
neural epitheHum (NE) are labeUed with dark WGA-Au granules 
(arrowheads). S, somite. 
Bar = 50 |nm. 
Fig 4.2 
Photomicrograph of a transverse section taken from the level of 
somite 1 (S1) of a 5-somite embryo immediately after 
orthotopicaUy grafting at S1. The WGA-Au labeUed graft fragment 
(G) is precisely located on the dorsal side of the neural epitheHum 
(NE). S, somite. Bar = 50 \xm. 
£• ^^x ,^_^fc X ^^s%^il ic  -lc^i^^^ 
Fig 4.3 
(A) Photomicrograph showing the lateral view of a 9-somite stage 
mouse embryo which was WGA-Au labeHed at the level of somite 1 
and cultured for 9 hours. Transverse sections are taken from planes 
B and C and are shown in (B) and (C) respectively. Bar = 160 |om. 
(B) A transverse section across the plane B shown in (A). Dark 
WGA-Au are found in the cytoplasm of labeHed ceUs (arrowheads). 
LabeUed ceUs are found in three distinct areas: (1) the mesenchyme 
dorsal to the neural tube (NT), (2) the mesenchyme between the 
surface epithelium (SE) and somite (S), (3) the mesenchyme 
between neural tube and somite. Bar = 50 ^m. 
(C) The transverse section across the plane C shown in (A). 
LabeUed ceUs containing dark WGA-Au granules (arrowhead) are 
found in the mesenchyme intersomitic space (ISS) between two 
consecutive somites. NT, neural tube. Bar = 50 pm. 
響 、m#^ 1 -'^^ V �� VI^HniHHH^HHHHHI 
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Fig 4.3 (continued) 
(D) A sagittal section taken along the labeUing site shown in (A). 
LabeUed ceUs containing dark WGA-Au granules (arrowhead) are 
found in the intersomitic space between two consecutive somites 




































































(A) Photomicrograph of the lateral view of a 17-somite stage mouse 
embryo after focal labelUng with WGA-Au at the level of somite 1 
(arrowhead) and culture for 18 hours. Only the first and second 
branchial arches (1 and 2) are well developed while the third, fourth and 
sixth branchial arches have not yet fully developed. H, heart. Bar = 100 
^m. 
(B) A transverse section across the labelUng site shown in (A) (arrowhead 
shown in (A) indicates the level of the transverse section). Labelled cells 
containing dark WGA-Au granules (arrowheads) are found in the 
mesenchyme lateral to the dorsal aorta (DA) and dorsolateral to the 
primitive pharynx OP). NT, neural tube; *，region of future third branchial 
arch which has not yet developed,. Bar = 100 pm. 
(C) Photomicrograph of the lateraJi view of a 17-somite stage mouse 
embryo after orthotopic grafting with a WGA-Au labelled fragment at the 
level of somite 1 (arrowhead) and cultured for 18 hours. Only the first 
and second branchial arches (1 and 2) are well developed while the third, 
fourth and sixth branchiaI arches have also not yet fully developed. H, 
heart. Bar=lOOpm. 
(D) A transverse section taken from the level of the graft site shown in (C) 
(arrowhead in (C)). Labelled cells containing dark WGA-Au granules 
(arrowheads) are found in the mesenchyme lateral to the dorsal aorta (DA) 
and to the region dorsolateral to the primitive pharynx OP). NT, neural 
tube; *, the region of future third branchial arch which has not yet 



















































(A) Photomicrograph of the lateral view of a 21-somite stage 
mouse embryo after focal labeUing with DiI at the level of somite 2 
(arrowhead) and culture for 24 hours. In addition to the first (1) 
and second (2) branchial arch, the third branchial arch (3) is also 
development at this stage. H, heart. Bar = 100 ^m. 
(B) A transverse section across the labeUing site shown in (A) 
(arrowhead in (A)). LabeUed ceUs containing dark WGA-Au 
granules (arrowheads) are found in the mesenchyme dorsolateral or 
lateral to the primitive pharynx (P). Some labeUed ceHs have 
akeady moved into the expanding third branchial mesenchyme (*). 
Bar = 100 ^m. 
(C) Photomicrograph of the lateral view of a 21-somite stage 
mouse embryos after orthotopic grafting with a WGA-Au labeUed 
fragment at the level of somite 2 (arrowhead) and culture for 
hours. In addition to the first (1) and second (2) branchial arches, 
the third (3) branchial arch has akeady developed. H, heart. Bar = 
100 \xm. 
(D) A transverse section across the graft site shown in (B) 
(arrowhead shown in (B)). LabeUed ceUs with dark WGA-Au 
granules (arrowheads) are found in the mesenchyme lateral to the 
primitive pharynx (P) and the expanding third branchial arch (*). 


















































































































(A) Photomicrograph of a lateral view of a 26-somite stage mouse 
embryo after focal labelUng with DiI at the level of somite 2 (arrowhead) 
and culture for 36 hours. The embryo was morphological normal after 
culture and labelUng. Transverse sections are taken from planes B, C and 
D and are shown in (B), (C) and (D) respectively. Bar = 160 ^m. 
(B) A transverse section taken across the labeUing site shown in (A) 
(plane B shown in (A)). DiI labelled cells (white arrows) are distributed 
in the pathway extending from the mesenchyme dorsal to the neural tube 
(NT) subectodermally to mesenchyme dorsolateral to the dorsal aorta 
(DA). Bar=80 pm. 
(C) A transverse section taken across the labeUing site shown in (A) 
(plane C shown in (A)). DiI labelled cells (white arrows) are not only 
distributed in the pathway extending from the mesenchyme dorsal to the 
neural tube (NT) subectodermally to mesenchyme dorsolateral to the 
dorsal aorta (DA) and lateral to the primitive pharynx ¢ )^ but also found 
in the mesenchyme ventral to the pharynx. Bar = 80 ^un. 
(D) A transverse section taken across the labeUing site shown in (A) 
(plane D shown in (A)). DiI labelled cells (white arrows) are not only 
distributed in the pathway extending from the mesenchyme dorsal to the 
neural tube (NT) subectodermally to mesenchyme dorsolateral to the 
dorsal aorta (DA) and lateral to the primitive pharynx (P) but also found 
in the mesenchyme ventral to the pharynx. Some labelled cells are found 
in the truncus arteriosus (TA) of the cardiac outflow tract. V, ventricle. 
Bar = 80 ^m. 
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Fig 4.6 (continued) 
(E) Another transverse section taken across the labeDing site shown 
in (A) (plane D shown in (A)). A labeUed ceU (white arrow) is 
observed in the region just under the dorsal surface epithelium. P, 
primitive pharynx. Bar = 20 |om. 
(F) A transverse section taken across the labeUing site shown in 
(A) (plane C shown in (A)). LabeUed ceUs (white arrows) are 
found in the third branchial arch mesenchyme (*). LabeUed ceUs 
are ako found in the truncus arteriosus (TA) of the cardiac outflow 




(A) Photomicrograph of a lateral view of a 32-somite mouse 
embryo after focal labeUing with DiI at the level of somite 2 
(arrowhead) and culture for 48 hours. After labeUing and culture, 
the embryo develops normaUy. Transverse sections are taken 
across the level of the labeUing site indicated by the dotted Hne and 
are shown in (B), (D) and (F) to (H). (C) and (E) show transverse 
sections taken at the same level as indicated by the dotted line but 
from the embryos which have undergone orthotopic grafting with a 
DiI labeUed fragment and have been cultured for the same length of 
period 48 hours). Bar = 160 ^m. 
(B) A transverse section along the plane of the labeUing site (dotted 
Hne shown in (A)). DiI labeUed ceUs (white arrows) are found 
along the subectodermal pathway extending from the dorsal part of 
the neural tube (NT) to the region ventral to the pharynx (P). DA, 
dorsal aorta. Bar = 40 jiun. 
(C) A transverse section along the plane of the orthotopic graft site 
which is at the same level of the labeUing site (dotted Une shown in 
(A)). DiI labeUed ceUs (white arrows) are found along the 
subectodermal pathway extending from the dorsal part of the neural 
tube (NT) to the region ventral to the pharynx (P). DA, dorsal 
aorta. Bar = 40 ^m. 
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Fig 4.7 (continued) 
(D) A transverse section along the plane of the labeDing site (dotted 
Une shown in (A)). A DiI labeUed ceU (white arrow) is found in the 
wall of truncus arteriosus (TA). Bar = 20 ^m. 
(E) A transverse section along the plane of the orthotopic graft site 
which is at the same level of the labeUing site (dotted Une shown in 
(A)). A DiI labeUed ceU (white arrow) is found in the waU of conus 
cordis (CC). Bar = 40 i^m. 
0 
Fig 4.7 (continued) 
(F) A transverse section along the plane of the labeDing site (dotted 
line shown in (A)). A DiI labeUed ceU (white arrow) is found in the 
wall of the conus cordis (CC). Bar = 80 jiun. 
(G) A transverse section along the plane of the labeUing site (dotted 
Hne shown in (A)). A DiI labeUed ceU (white arrow) is found in the 
wall of the ventricle (VW). Bar = 80 ^m. 
(H) A transverse section along the plane of the labeUing site (dotted 
Une shown in (A)). DiI labeUed ceUs (white arrows) are found in 
the wall of the atrium (AW). Bar = 80 |nm. 

Fig 4.8 
Photomicrograph of a transverse section taken at the level of the 
cardiac neural crest region of a 21-somite stage mouse embryo, 
showing that a WGA-Au coated latex bead (arrow) is found at the 
mesenchyme dorsolateral to the dorsal aorta (DA). NT, neural 
tube; P, pharynx. Bar = 100 ^un. 







., ’  M M  
. J > : .  ^ $ .  
j  ^ - . - ‘ ^ 「.#  ^  i  ^
¾.
. 








 V  •  •  c  5  >
f-
 - / i ^  .  
/  c:rJ  、  ^  . f k A .  
/  .  
,
•
 ^  -, 气 . /,^
 B  
i
 
m  T  ”  ^ .  -?  ”  •  l:J  ,々f 
^  ^  9  • •  ,  •  ,  -、 V,/V"G •，•  
i:







































 t  DA  \  3 p  
作華  •  , ,  .  _ - •一  r  >.;  .;  .  ^  t  , . f  i _、*.  ；  ^  ^14.-;-  !  f^  k - ^  >:，〜、4  r  -i 
I  s  ..  ^  ...  •  ”  f lf>,,H  -M  :  ,.t  1. , “  ^  .. .. ,- 〜  
.
 .  „ 
Chapter four: Discussion 
4,4 Discussion 
4.4.1 Methodology 
Li studying the migration pathways of cardiac neural crest cells, two 
types of labelling dyes, i.e. DiI and WGA-Au, were employed. DiI is a strong 
and long lasting fluorescent dye with the advantages mentioned in Section 2.4.2. 
However, it is not a suitable dye for following the initial migration of the neural 
crest cells. Neural crest cells when firstly appearing in the mesenchyme migrate 
very closely to each other, and some of them may even have close contacts 
(Trainor and Tam, 1995; Chan and Tam, 1988). Since DiI is a very strong dye, 
patches of the neural crest cells in the mesenchyme after labelling may appear as 
fluorescent clumps with high intensity which may hamper a detailed 
examination of the migration pathway or the relationship of the crest cells with 
the surrounding mesenchyme during migration. Furthermore, the fluorescent 
signals from DiI have to be examined with a crysection under a fluorescent 
microscope. Under a fluorescent microscope, sometimes it is difficult to tell the 
detailed histological structure of the frozen section, partly because the histology 
in a cryosection is not as good as that in a paraffin section and partly because the 
fluorescent microscope cannot examine the histological structures and the 
fluoresecent signals simultaneously. However, on the other hand, the strong and 
long lasting properties of the signal of DiI can be made used of to trace the 
migration of cardiac neural crest cells over a considerably long culture period. 
After the crest cells leave the neural tube, they gradually dispersed in the 
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mesenchyme, and only a small proportion of the cardiac neural crest cells will 
then go to the cardiac region. It was estimated that only one out of 20-40 cardiac 
crest cells that come of the neural tube can successfully reach the developing 
heart (Fukiishi and Morriss-Kay, 1992). Hence, the number of the cardiac cells 
that are derived from cardiac neural crest is small and a dye with strong labelling 
signal, such as DiI, is required for tracing the migration over a long period of 
time. WGA-Au, on the other hand, has the properties that the WGA-Au signal 
can be observed under a light microscope. The dye after endocytosed by the cell 
is stored cytoplasmic vesicles and has been proved to be stable, cell localized 
and not to induce adverse effects on cellular properties as were mentioned in 
Section 3.4.1. The WGA-Au signals appear as dark granules in paraffin sections 
upon silver enhancement and can be easily observed with light microscopy. 
Hence WGA-Au containing cells and the surrounding histological structures can 
be examined at the same time and detailed migration pathway can be analysed. 
However, the signals from WGA-Au gradually lose as the culture period 
increases. Most of the signals from WGA-Au become very weak or totally lost 
24-36 hours after labelling. Therefore, WGA-Au can only be used as a short-
term marker. 
Li the present study, two types of tracing method were used which 
included focal labelling with WGA-Au or DiI and orthotopic grafting of WGA-
Au- or DiI-labelled tissue fragment. The advantages and disadvantages of both 
methods have been discussed in Section 2.4.2. The results obtained from the 
present study indicate that migration patterns derived from both tracing methods 
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were highly similar (described in the following section), suggesting that both 
methods are equally suitable for following the migration pathways of the neural 
crest cells (Chan and Tam, 1988). 
4.4.2 Migration pathways of the cardiac neural crest cells 
For easy description, the composite diagram showing the migration 
pathways extending from the neural crest region of the neural tube to the cardiac 
region at the axial level of somite 2 was shown pathways were arbitrarily divided 
into the early (Fig 4.9) and late migration pathway (Fig 4.10). 
Early migration pathway 
Li the previous chapter, it was found the cardiac neural crest cells at the 
levels of somite 1 to 4 all started their migration at the 7-somite stage and their 
migration ceased at the 23-somite stage. During course of early migration, it 
was also shown in this chapter that no significant differences were found in the 
temporal and spatial pattems of their migration patterns with regard to their axial 
levels, ln other words, after the cardiac neural crest cells left the neural tube at 
different somite levels (S1 to S4), they were found to migrate along similar 
pathways and to arrive at locations at similar stages, ln embryos with 9 somites 
(about 8 hours after culture), the labelled cells derived from the labelled neural 
crest region of the neural epithelium were seen to disperse from the dorsal part 
of the neural tube along three different pathways: 1) between neural tube and 
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Fig 4.9 
Schematic diagram showing the early migration pathways of cardiac 
neural crest ceUs. The neural crest ceUs disperse ventraUy from the 
dorsal part of neural tube (NT) along three different pathways: 1) 
between neural tube and somite (S), 2) between surface epitheUum 
(SE) and somite, 3) between two consecutive somites. 
Fig 4.10 
Schematic diagram showing the late migration pathway of cardiac 
neural crest ceUs. At the 6-somite stage (6 SS), cardiac neural crest 
ceUs have not started their migration from the neural epithelium and 
stiU remain inside the neural epitheHum. At the 17-somite stage (17 
SS), cardiac neural crest ceUs have akeady moved away from the 
neural crest and translocate to the mesenchyme dorsolateral to the 
primitive pharynx (P) and surrounding the dorsal aorta (DA). At the 
21-somite stage (21 SS), cardiac neural crest ceUs disperse further 
into the third branchial arch mesenchyme. At the 26-somite stage 
(26 SS), cardiac neural crest ceUs move into the mesenchyme 
ventral to the pharynx. At the 32-somite stage (32 SS), cardiac 
neural crest ceUs reach and appear in the heart (H). 
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Chapter four: Discussion 
somite, 2) between ectoderm and somite and 3) between two consecutive 
somites. Precise descriptions on the early migration pathways of the hindbrain 
or cervical neural crest cells in the mammalian embryo have not been reported 
but in the chick embryo, similar early migration patterns for the cardiac neural 
crest cells were observed (Kuratanti and Kirby, 1991) except that the early 
migration of the chick cardiac neural crest cells was confined to the anterior 
halves of the somites. Also in the chick embryo, the tmnk neural crest cells take 
up similar pathways early in their migration (Bronner-Fraser, 1995) whiJe the 
cranial neural crest cells in the anterior hindbrain or midbrain move along 
pathways in more subectodermal regions (Shigetani et al., 1995) 
When the embryos grew up to the 17-somite stage (approximately 18 
hours after culture), the labelled cardiac neural crest cells moved quickly beyond 
the somite to some more ventral locations. They were found to scatter in a 
pathway extending from the dorsal part of the neural tube to the region 
dorsolateral and lateral to the primitive pharynx. The regions where labelled 
cells were most frequently located were the mesenchyme dorsolateral to the 
dorsal aorta and the mesenchyme dorsolateral to the primitive pharynx. At this 
stage, the 3，4 and 6 branchial arches have not yet fully developed. By the 21-
somite stage (about 24 hours after culture), the third branchial arches begin to 
form and the mesenchyme lateral to the primitive pharynx starts to expand. At 
this stage, however, the cardiac neural crest cells did not move more ventral. 
Listead, the labelled crest cells were still distributed along the same pathways as 
was at the 17-somite stage. They scattered in regions extending from the dorsal 
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side of the neural tube to the region dorsolateral to the pharynx. Some cardiac 
neural crest cells moved to the expanding branchial arch lateral to the pharynx 
and contributed to the cells in the branchial arch mesenchyme. The distribution 
pattems of the cardiac neural crest cells derived from different axial levels (S 1 to 
S4) were very similar. Hence it appears that at the stages from 17- to 21-
somites, the cardiac neural crest cell migration was arrested in the regions 
dorsolateral or lateral to the developing pharynx. Similar observations were also 
found in the chick embryo at similar stages of development by Kuratani and 
Kirby (1991). The chick cardiac neural crest at these stages show a temporary 
arrest of migration in the region circumscribing the developing pharynx. This 
region in the chick embryo is known a circumpharyngeal region which is lateral 
to the pharynx. Similar region in the mouse embryos however has not yet been 
described. The distribution pattems of the labelled cells obtained with focal 
labelling and orthotopic grafting were similar, once again indicating that the 
grafting method did not impose any adverse effect on the crest cell migration 
while the focal labelling method did not introduce significant amount of non-
specifically labelling along the migration pathway. 
Late misration pathway 
At the 26-somite stage (about 36 hours after culture), the labelled cells 
were still distributed in the subectodermal mesenchyme, mesenchyme 
dorsolateral to the pharynx and the branchial arches mesenchyme. Some of the 
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labelled cells also populated in the mesenchyme ventral to the pharynx. Similar 
study on rat cardiac neural crest cells by labelling the crest cells with DiI showed 
that migration pattern of the cardiac neural crest cells was similar to the 
migration pattern found in the present study (Fukiishi and Morriss-Kay, 1992). 
The results in the present study also showed that the labelled cells derived from 
different levels of the cardiac neural crest (S1 to S4) scattered throughout the 3,4 
and 6 branchial arches. Hence, at this stage, cardiac neural crest cells at different 
axial levels (S1 to S4) contributed to similar embryonic structures including 
branchial arches. 
By the 32-somite stage (about 48 hours after culture), apart from 3，4 or 6 
branchial arches, individual DiI labelled cells were also found in the wall of 
cardiac outflow tract, ventricular walls and atrial walls. That was the earliest 
stage at which labelled cells were found in the cardiac region. Jn the chick and 
rat embryos, cardiac neural crest cells reached the cardiac outflow tract at similar 
stages (Miyagawa-Tomita et al., 1989，1991; Fukiishi and Morriss-Kay, 1992). 
ln another study in which the late migration of the cardiac neural crest cells was 
followed by using a genetic marker Pax3 gene, Conway et al. (1997) showed 
that cardiac neural crest cells start to populate the mouse developing heart at 
10.5 d.p.c. By using RT-PCR and in situ hybridization which are methods more 
sensitive than the labelling methods, they were able to find that cells expressing 
Pax3 were mostly neural crest derived and that some of them migrated from the 
occipital neural tube, via the branchial arches 3，4 and 6，into the aortic sac and 
cardiac outflow tract. However, they did not observe neural crest cells in the 
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ventricles and atria. The labelled neural crest cells found in the ventricles and 
atria in the present study were localized in the epimyocardial region. The 
derivatives of these neural crest cells in the heart have yet to be elucidated and 
the experiments described in following chapter were to find out what kinds of 
derivatives that the neural crest cells in the ventricular and atrial walls can give 
rise to. 
4.4.3 Migration of latex beads 
Hn order to examine whether the neural crest cells can undergo active 
migration, some non-living, non-cellular inert latex beads were also deposited on 
the epithelial surface at the cardiac neural crest region. It was found that the 
latex beads could incorporate into the neural crest region, and then they could 
leave the neural crest region to go to the subectodermal mesenchyme which is 
part of the early migration pathway of the cardiac neural crest cells. The latex 
beads did not remain in the mesenchyme in the vicinity of the neural crest 
region, iistead, they continued to move to the mesenchyme dorsolateral to the 
dorsal aorta. The latex beads were found to scatter in the early migration 
pathway of the cardiac neural crest cells which extends subectodermally from 
the neural tube to the mesenchyme dorsolateral to the dorsal aorta. At the 21-
somite stage, the cardiac neural crest cells continued to migrate to some regions 
more ventral to the dorsal aorta, but the latex beads remained in the dorsolateral 
mesenchyme without further movement. The incorporation of the latex beads 
into the neural crest region gave us an impression that the epithelial cells in the 
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crest region have internalized the latex beads into the epithelium. Similar 
observation of the incorporation of latex beads into the epithelial cells in the 
crest region has also been reported by Chan and Lee (1992). The internalization 
of the spheres was interpreted as a result of small mixing movements or 
reorganizations of cells within the tissues CWiseman，1977). According to the 
‘cortical tractor，model proposed by Jacobson et al. (1985, 1986)，cells in the 
neuroepithelium are constantly in a dynamic state of movement and their 
underlying cortical cytoplasm undergoes a fountainflow during the formation of 
the neural crest cells. Epithelial cells upon proper induction can move actively 
among one another within the epithelium at the same time retaining the integrity 
of their apical structures. Thus, it is possible to achieve a net movement or 
displacement of inert particles if cells in the crest region are active in cellular 
movements. After the incorporation into the neural crest, the latex beads were 
able to move along the crest cell migration pathway just as the crest cells did. 
As the latex beads are inert particles, their movement must be passive and 
initiated by other movements. Li the chick, it was found that there are integrated 
dorso-ventral movements of the surface ectoderm, neural crest cells and 
underlying myoblasts that arise with paraxial mesoderm (D' Amico-Martel and 
Noden, 1983). Li other words, the surface ectoderm subjacent to the neural crest 
region, neural crest cells and the underlying mesenchyme move en bloc relative 
to the neural tube to some more ventral regions. Jn the present study, the initial 
translocation of the labelled neural crest cells or labelled latex beads from the 
site of incorporation to the region dorsolateral to the dorsal aorta may hence due 
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to the passive translocation by the integrated dorso-ventral movements. For the 
translocation of the labelled neural crest cells from the region dorsolateral to the 
dorsal aorta to the mesenchyme lateral to the pharynx may probably be initiated 
by active movement of the cardiac neural crest cells. 
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Chapter Five. Derivatives of cardiac neural crest cells in the 
developing mouse heart 
5,1 Introduction 
Neural crest cells, after having migrated along specific pathways in the 
mesenchyme, reside in some regions of the embryo to form specific types of 
derivatives. Cardiac neural crest from the hindbrain migrate to the cardiac 
region and form derivatives in the developing heart. Apart from contributing to 
the septation in cardiac outflow tract (Kirby et al., 1983; Nishibatake et al., 1987; 
Kirby, 1989; Fukiishi and Morriss-Kay, 1992; Conway et al., 1997) which 
divides the primitive vessel into aorta and pulmonary trunk, Kirby and Stewart 
(1983) also showed that neural crest cells from cranial region (somite 1-2) of the 
chick embryo, part of the cardiac neural crest region, contribute in the formation 
of cardiac ganglia. They examined the distribution pattem of quail cells between 
great arteries and in the subepicardial layer of the heart and found the quail cells 
appeared as small and sparser plexuses in chick and quail chimeras. They then 
proposed that the parasympathetic ganglia in the cardiac region are derived from 
the cardiac neural crest cells. Another study on the distribution of quail cells in 
the coronary arteries also in chick and quail chimeras (Waldo et aI., 1994) 
showed that cardiac neural crest cells do not participate in the tunica media of 
the coronary arteries and the aortic coronary sinuses. Listead, the tunica media of 
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the surviving coronary arteries was disrupted by clusters of cardiac neural crest 
cells scattered in the wall of the base of the wall of coronary artery on ED 14 and 
18. The persisting coronary arteries were always associated with large neural 
crest-derived parasympathetic ganglion near their origin. Branches from 
parasympathetic nerves entered the base of the coronary arteries where clusters 
of cardiac neural crest cells were located. Quail cells were also associated with 
tiny vessels existing the ostia of coronary arteries and traveling in the outer aortic 
wall. Labelling with anti-neurofilament and smooth muscle alpha actin 
monoclonal antibodies confirmed a disruption of the tunica media at the base 
coronary arteries, and showed innervated clusters of quail cells in the disrupted 
part of the tunica media. Therefore, in chick embryos, cardiac neural crest cells 
do not appear to induce capillary penetration directly; instead, the exclusive 
association of cardiac neural crest cells derived parasympathetic ganglia and 
nerves with persisting coronary arteries suggests that the presence of the 
parasympathetic ganglion is essential to the survival of the definitive coronary 
arteries. 
Also, cardiac neural crest cells have been proposed to differentiate into 
cardiac conducting cells in developing hearts of chick embryos OFilogamo et al., 
1990) and rabbit embryos (Vitadello et al., 1990). Conducting cells in the heart 
are the important cellular component to initiate and to maintain coordinate 
cardiac contraction. Filogamo et al. (1990) showed that desmin, a specific 
component of the intermediate filaments of both smooth and striated muscles, 
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was detected in cells of the dorsal mesocardium and in myocardium itself. The 
positive cells organized around the endothelium of the developing heart in the 
chick embryos at stage 21. ln the older stage, chick embryos (stage 21-28)，the 
desmin immunoreactive cells were found in the inner space of the dorsal 
mesocardium. Li older embryos, desmin-like immunoreactive cells disappeared 
from the inner space of the dorsal mesocardium and were found as continuous of 
broken cords in the wall of the heart common atrium. In the newly hatched 
embryo, the desmin immunoreactive cells were found in the subendothelial cells. 
Hence, the desmin immunoreactive cells appeared first in the dorsal 
mesocardium in the embryo and gradually shifted into subendothelial layers of 
the primitive heart during the course of the development. Their intense, diffuse 
desmin reactivity retained in the chick strongly suggests that they are cardiac 
conducting cells, and based on the distribution pattem of the positive cells at 
different stages of development, they further proposed that the cardiac 
conducting cells were derived from the neural crest. 
ln the mammalian embryo, however, the contribution of cardiac neural 
crest to conducting cells in the heart is still controversial. Gorza et al. (1988a) 
support the hypothesis that cardiac neural crest gives rise to conducting cells by 
showing that an anti-neurofilament antibody (iC8) stained rabbit heart 
embryonic myocytes near the atrioventricular junction or atrial wall close to the 
fourth branchial arch which are the regions for conducting cells. Also, Gorza 
and Vitadello (1989) revealed that a neurofilament-like protein is expressed in 
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rabbit heart myocytes of the conduction tissue by using a neurofilament antibody 
(iC8). Jn rabbit embryos (11 days post coitum), immunopositive cells were 
found at the atrioventricular and sinoatrial junctions and had a ring-like 
distribution. At embryonic day 12, immunopositive cells were found in 
subendocardial layer of dorsal ventricular wall which was continuous with the 
labelled myocyte at the atrioventricular junction. The positive cells were 
hypothezied to be the conducting cells. Jn older embryos, neonatal and adult 
hearts, the labelled cells were not restricted to myocytes of conduction regions, 
but also found in the sino-atrial bundle and as scattered myocytes localized in the 
wall of the left sinal hom, and in the right atrium in proximity to atrioventricular 
sulcus tissue. They claimed that the distribution pattem of neurofilament positive 
cells is similar to that of the cardiac neural crest cells described in chimeric bird 
embryos (Kirby et al., 1983; Sumida et al., 1989) and in mammalian embryos 
(Lammer et al., 1985) in which cardiac neural crest cells migrate along the 
branchial arches as far as the distal cardiac outflow tract prior to septation. These 
findings suggest that conducting tissue may originate from cardiac neural crest 
cells. 
However, Nakagawa et aI. (1993) did not fully agree with this simplified 
hypothesis. Although several distinct tracts of anti-neurofilament (HNK-1) 
immunopositve cells were found in the region extending from the sinoatrial 
junction to the atrial appendages or to the atrio-ventricular junction near the 
atrio-ventricular node of the late developing rat heart (ED14) in which the 
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expression pattern of the immunopositive cells is similar to that observed by 
Gorza et al. (1988b) in rabbit embryonic heart. Thus, it has suggested that these 
immunopositive cells may be derived from neural epithelium or neural crest. 
However, the immunopositive myocytes were found along the earliest 
ventricular trabeculae before they form the ventricular septum on day 11， 
indicating that the antibody stained up the conducting cells well before the 
cardiac neural crest cells can reach the heart in the rat (Fukiishi and Morriss-
Kay, 1992). Furthermore, HNK-1 reactive epitopes are not only expressed on 
the developing heart, but also expressed on the surface of neurons and migrating 
neural crest cells (Vincent and Thiery, 1984; Newgreen et aI., 1990). As HNK-1 
is expressed early and widely throughout the heart, there are possibilities that the 
ventricular conduction tissue is derived from early cardiac muscle rather than 
from neural crest. Also, strong HNK-1 reactivity along the tubular myocardium, 
adjacent splanchnic mesoderm and primitive atrium in stage 11-15 chick 
embryos in which neural crest populations were also observed well stained and 
clearly remote from cardiac structures (Kuratani and Kirby, 1991). Thus, 
Nakagawa et al. (1993) hypothesize that expression of HNK-1 among cardiac 
myocytes reflects the multiple potential of early cardiac myocytes to become 
working myocardium rather than migration of neural epithelial or neural crest 
cells into the heart. Until now, there are no direct demonstrations of such 
migration into the heart. Transplantation experiments in birds (Kirby et al., 1983; 
Nishibatake et al., 1987; Sumida et al., 1989) and labelling experiment in rats 
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(Fukiishi and Morriss-Kay, 1992) have only suggested that there are 
contributions of cranial neural derivatives to the branchial arches, great arterial 
trunks，the wall of cardiac outflow tract. Evidence for neural crest cell migration 
deep into atrioventricular region remains weak (Nakagawa et al., 1993). 
fii view of the controversy about the contribution of the cardiac neural 
crest cells in mammalian developing hearts, the experiments in this chapter were 
designed to see if the cardiac neural crest cells give rise to conducting cells in the 
mouse heart. The major problem that one may encounter in this type of study is 
that the in vitro whole embryo culture cannot support the development of the 
heart during the period from the early formation of the organ to the time when 
conduction tissues can be detected histologically. The whole embryo culture can 
only support the development of mouse embryos on 8.5 days post-coitum (i.e. 
the stage at which cardiac neural crest cells start to migrate from the neural tube) 
for 40 to 48 hours only. Even 48 hours after culture, the conductive tissues are 
still developing and cannot be histologically distinguishable from the 
surrounding myocardial cells. Therefore an organ culture technique was 
employed to extent the growth of the heart in vitro for one more days in the hope 
that the conduction tissues can become mature enough to be 
immunohistochemically distinguishable from the myocytes. The experimental 
strategies are as follows: 
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1. Before the cardiac neural crest started to migrate from the neural tube, the 
neural crest cells were labelled with DiI in order to track down their 
migration. 
2. After labelling, the embryos were cultured in a whole embryo culture system 
for 40 to 48 hours before the hearts were dissected out for organ culture. 
3. After the whole embryo culture, the intact hearts were cultured with an organ 
culture technique for one to two more days. 
4. At the end of the organ culture, the hearts were processed and examined for 
the presence of DiI-labelled cells. The DiI-labelled cells should be derived 
from the cardiac neural crest cells. 
5. The hearts which showed DiI-labelled cells were stained for the presence for 
neurofilaments with an anti-neurofilament monclonal antibody 2H3. 
The problem in studying the contribution of the cardiac neural crest cells 
to the conduction tissues is that the conducting cells are not distinguishable both 
morphologically or biochemically from the surrounding ordinary myocytes 
(Nakagawa et al., 1993) during early development of the mammalian heart. 
Specialized myocytes can be distinguished from ordinary myocytes as since they 
express unique myosin types which are distinct from those found in adult and 
embryonic ordinary myocytes (Gonzalez-Saanchez and Bader, 1985; Gorza et 
aL, 1986，1988a) but relationship between these specialized types of myocytes 
and the early differentiating conduction tissues is still obscure. Electron 
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microscopy showed that other types of specialized myocytes do not show 
transverse tubules but contain short myofibrils which are variably oriented and 
intermingle with a huge amount of intermediate filaments (Sommer and 
Jennings, 1986), but this types of specialized myocytes are not present in the 
early conduction system of the heart. Desmin, a muscle intermediate filament, is 
the major component of intermediate filament in the myocytes of the heart 
conduction system (Thomell and Erickson, 1981) but is not found in early 
differentiating mammalian heart. Li addition to desmin, vimentin 
immunoreactivity has been described in avian purkinje system myocytes, but not 
in mammals (Thomell et al., 1985). Hence, at present, no specific methods to 
locate the early differentiating tissues for the conduction system in the 
mammalian heart have been found. Li the mammal, neurofilaments are 
composed of three different protein subunits with molecular weights of about 68， 
150 and 200 (xlO^) (NF-L, M and H) (Liem et al., 1978; Schlaepfer and 
Freeman, 1978). These proteins are the product of distinct genes (Czosnek et al., 
1980)，whose expression is differently regulated during neuronal developmnet 
(Julien and Mushinski, 1982). ln the developing and adult rabbit heart, a 
cytoskeletal protein similar to (NF-M) was found and thus, an anti-
neurofilament-M antibody (iC8) were used to locate the embryonic conduction 
system (Gorza et al., 1988b; Gorza and Vitadello, 1989; Vitadello et aL, 1990). 
Jn the human and rat embryonic heart, an anti-human Leu-7 (HNK-1) antibody 
was employed to examine the development of the conduction system (Bceda et 
108 
Chavter five: Introduction 
aL’ 1990). Thus, it seems that different cytoskeletal protein that are intermediate 
filament or neurofilament are specifically expressed in different animal model, 
to the present study, an anti-neurofilament monoclonal antibody (2H3) which 
labels the 166xlO^ Mr neurofilament was used to react with the neurofilament-M 
(NF-M) in the mouse embryonic hearts at 10.5 to 13.5 days p.c. because NF-M 
has been to express in mouse embryonic heart (Lee et al., 1995). The results of 
the immunohistochemical staining with 2H3 antibody and the co-localization of 
the DiI-labelled cells and the 2H3-positive cells in the present study would 
hopefully provide information on the relationships among the 2H3 positive cells, 
conduction system and the cardiac neural crest cells. 
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5.2 Materials and Methods 
5.2.1 DiI labelling of the cardiac neural crest region of the mouse 
embryo 
Embryos with 4 to 6 somites from pregnant mice ranging from 8.0 to 8.5 
days p.c. were selected for experimentation. Embryos after dissected out from 
the uterus were placed in PB1 medium (Appendix 1) prewarmed at 37°C. The 
decidua, Reichert membrane and parietal yolk sac were carefully removed by 
using a pair of watchmaker forceps under a dissecting microscope whereas the 
ectoplacental cone and the visceral yolk sac were left intact. The neural 
epithelium of the whole cardiac neural crest region of the embryos were labeled 
with DiI following the procedure described in 2.2.3. The labeled embryos were 
cultured, in groups of 4 to 5，in 5 ml pure heat inactivated rat serum (Appendix 
3). The rat serum was filtered with 0.22 ^m millipore filter and with 50 units 
penicillin>' 5 mI and 50 |ig/ 5 ml streptomycin added. The serum was then 
equilibrated ovemight at 5% CO2 before use. The cultures were kept inside a 
roller incubator (BTC Engineering, UK) rolling at 30 rpm at 37�C for 48 hours. 
During the first day of culture, the embryos were gassed with 20% O2, 5% CO2 
and 75% N2 every 8 to 10 hours. Jn the following day, O2 tension was raised to 
40%. When the experimental embryos grew up to 10.25 days p.c. (about 28-
somite stage), the O2 proportion of the gas mixture was raised to 95%. 
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(A) Photomicrograph showing the lateral view of a mouse embryo 
which has been labeUed with DiI at the cardiac neural crest region 
and cultured for 48 hours. The heart (Ht) of the mouse embryo is 
then dissected from the embryo along the dotted Hne at the junction 
between sinus venosus and the viteUine vein and between the aortic 
sac and the truncus arteriosus. The heart dissected is shown in (B). 
Bar = 160 ^un. 
(B) The frontal view of a freshly isolated embryonic heart which is 
dissected from a 32-somite stage mouse embryo. The truncus 
arteriosus (TA) and the conus cordis (CC) are outHned by the 
dotted Hne. On two sides of the truncus arteriosus are the atria 
(AT) while the ventricle (V) is on the left side of the conus cordis. 
Bar = 200 ^m. 
(C) A ventral view of an isolated mouse heart 24 hours after organ 
culture. The atrium (AT) and ventricle (V) have become spherical 
and the cut-end at the distal end of the truncus arteriosus (TA) has 
fused. CC, conus cordis. Bar = 200 ^m. 
(D) A ventral view of a mouse heart which is directly isolated from 
a 11.5 days p.c. mouse embryo. The size of the heart is sHghtly 
bigger than the heart 24 hours after culture. AT, atria; CC, conus 
cordis; TA, truncus arteriosus; V, ventricle. Bar = 200 |om. 
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5.2.2 Collection of the embryonic hearts 
For heart organ culture purpose, embryonic hearts (Fig 5.1 B) were 
isolated from 10.5 days p.c. (about 32- somite stage) embryos (Fig 5.1 A), which 
had been labelled with DiI at 4- to 6-somite stage and cultured for 48 hours. The 
labelled embryos were temporarily placed in the PB1 medium (Appendix 1) 
prewarmed at 37°C. The hearts consisting of the aortic sac, truncus arteriosus, 
conus cordis, ventricles, atria and part of the sinus venosus (Fig 5.1 C) were 
isolated with a pair of watchmaker forceps (sterilized with dry heat for 2 hours) 
under a dissecting microscope inside a laminar flow safety cabinet (Nuaire, 201-
630). 
The hearts from 10.5 days p.c. (about 32-somite stage), 11.5 days p.c. 
(about 45-somite stage), 12.5 days p.c. (about 57- somite stage) mouse embryos 
were also isolated with a pair of watchmaker forceps. The hearts collected were 
washed extensively with PBS and then fixed in 4% buffered paraformaldehyde 
in PBS (Appendix 4) for about 18 to 24 hours. The fixed hearts were processed 
for paraffin wax sectioning or cryosectioning. 
5.2.3 Heart organ culture 
The 10.5 days p.c. isolated hearts were washed extensively in sterile PBS 
(Appendix 1) with 50 units penicillin/5 ml and 50 ^ig/5 ml streptomycin added. 
The embryonic hearts were cultured in groups of 3，in 2 ml pure heat inactivated 
rat serum (Appendix 3). The rat serum was filtered with a 0.22 i^m millipore 
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filter and supplemented with 20 units penicilliny^2 ml and 20 ^g/2 mI 
streptomycin. The serum was then equilibrated ovemight at 5% CO2 before use. 
The cultures were kept inside a roller incubator (BTC Engineering, UK) rolling 
at 30 rpm at 37°C for 48 hours. The embryonic hearts were gassed with 95% O2 
and 5% CO2 every 8 hours. The cultured hearts were fixed in 4% 
paraformaldehyde ovemight and then undergone either cryosectioning or 
paraffm wax sectioning. 
5.2.4 Cryosectioning 
The fixed hearts, after 48 hours of culture, were washed twice with PBS. 
The hearts were dehydrated gradually in a series of increasing sucrose 
concentration from 10%, 20% and then to 30%. The hearts were immersed in 
each concentration of sucrose solution until they sank to the bottom of the 
solution. After that, the hearts were embedded in OCT compound (Tissue-TEK). 
The sections were cut at 8|nm on a cryostat (Shandon, AS620E cryotome) and 
then mounted on 3-aminopropyltriethoxy-silane (Sigma, A-3648) coated glass 
slide (Appendix 6) and allowed then to dry in air. The sections were examined 
for the presence of DiI labeled cells under a Zeiss epifluorecent microscope 
through a rhodamine filter set to view the DiI. After that, the sections were 
immersed in acetone (Farco chemical supplies) for 5 minutes, allowed to dry in 
air and washed extensively in PBS to remove the residual acetone. The sections 
were ready for immunochemical staining. 
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5.2.5 Paraffin wax sectioning 
The fixed hearts isolated from different stages of mouse embryos (10.5, 
11.5，12.5 days p.c.) were washed extensively with PBS. The fixed hearts were 
immersed in 70% alcohol ovemight. Then, the hearts at different stages were 
dehydrated through 85% alcohol for 45 minutes, 95% alcohol for 30 minutes, 
100% alcohol for a total of 30 minutes with 3 changes, cleared with xylene twice 
for a total of 10 minutes. Then, the hearts were embedded in paraffin wax for a 
total of 2 hours with 2 changes. The hearts were serially sectioned at 8^im and 
mounted on 3-aminopropyltriethoxy-silane (Sigma, A-3648) coated glass slide 
(Appendix 6). ln order to dewax the sections for immunohistochemical staining, 
the sections were kept in an oven at 65°C for half an hour to allow the wax 
embedded the sections to melt. The sections were dewaxed in xylene for a total 
of 15 minutes with 3 changes. The sections were hydrated with graded alcohol 
(100，95，85, 75%). The dewaxed and hydrated sections were washed 
extensively in PBS for immunohistochemical staining. 
5.2.6 Immunohistochemical staining 
The kit used in the immunochemical staining was the Vectastain ABC 
Kit (Peroxidase mouse IgG PK-4002) (Vector Laboratories, Inc). The procedure 
was modified from the protocol suggested by Vectastain ABC Reagents and 
Kits. 
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After cryosectioning, the sections were allowed to dry in air for 1 to 2 
hours. Then, the sections were immersed in acetone for 5 minutes, washed with 
PBS for a total of 15 minutes with 5 changes. 12 hours were allowed for 
blocking the non-specific binding sites for the primary antibody by 0.15% horse 
normal semm in PBS pre-cooled at 4°C. The sections were incubated with 
primary antibody (2H3) (Developmental Studies Hybridoma Bank, University of 
Iowa), an antineurofilament monoclonal antibody which labels 1 6 6 x 1 0 �M r 
neuraofilament raised from mouse with adult rat brain membrane, with a dilution 
of 1: 400 in 1% BSA in PBS at 4°C for 12 to 16 hours. The sections were 
washed with PBS extensively for a total of 15 minutes with 5 changes. The 
sections were incubated with secondary antibody (Biotinylated, affinity-purified 
anti-immunoglobulin) with a dilution of 1: 400 in 1% BSA in PBS at room 
temperature for 30 minutes. The sections were washed extensively with PBS for 
a total of 15 minutes with 5 changes. The sections were immersed in 0.03 % 
methanol QBDH) in hydrogen peroxide (H2O2) (RDH) to quench all the 
endogenous peroxidase activities. The sections were washed extensively with 
PBS for a total of 15 minutes with 5 changes. The sections were incubated in 
ABC complex for 20 minutes at room temperature. A (Avidin DH) (Vectastain 
ABC Kit) : B (Biotinylated enzyme) (Vectastain ABC Kit): C (1% BSA in 
PBS) were prepared in a composition of 1: 1: 100. The ABC were mixed up at 
room temperature and stood for 30 minutes at 4°C before use. After incubation, 
the sections were washed extensively with PBS for a total of 15 minutes with 5 
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changes. The sections were immersed in 0.05 M Tris-buffered saline (TBS) at 
pH 7.2 for 3 minutes. The sections were transferred into a coplin jar containing 
22 mg 3,3'-Diaminobenzidine (DAB) (Sigma, D-5637), 5 i^l H2O2 in 45 ml 0.05 
M Tris-buffered saline (TBS) at pH 7.2 for 4 minutes colour development. The 
colour development was stopped by washing the sections extensively in TBS for 
5 minutes. The sections were washed with running tap water and counter stained 
with haematoxylin for 45 seconds, agitated in Scott's tap water (Appendix 8) for 
30 seconds, washed extensively with running tap water . After that, the sections 
were dehydrated in graded alcohol (70，85, 95 and 100 %), cleared with xylene 
and mounted with Permount (Fisher chemical, UN-1294) and coverslip 
(Deckglaser, 24x60 mm). 
Basically, the procedures of immunohistochemical staining in paraffin 
wax section were following the procedure in cryosection, except that the 
concentrations of primary antibody, secondary antibody used were higher; the 
concentrations of H2O2 used in quenching the endogenous peroxidase activities 
of the sections were higher, the incubation time for ABC complex was longer; 
and the DAB colour developing time was different. 
For paraffin wax sectioning, the sections were dewaxed in xylene for a 
total of 15 with 3 changes. Then the sections were hydrated with graded alcohol 
(100，95，85, 75 %). Then the sections were washed with PBS for a total of 15 
minutes with 5 changes. 12 hours were allowed for blocking the non-specific 
binding sites for the primary antibody by 0.15% horse normal serum in PBS pre-
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cooled at 4°C). The sections were incubated with primary antibody (2H3) 
(Developmental Studies Hybridoma Bank, University of Iowa) with a dilution of 
1: 200 in 1% BSA in PBS at 4°C for 12 to 16 hours. The sections were washed 
with PBS extensively for a total of 15 minutes with 5 changes. The sections were 
incubated with secondary antibody (Biotinylated, affinity-purified anti-
immunoglobulin) with a dilution of 1: 200 in 1% BSA in PBS at room 
temperature for 30 minutes. The sections were washed extensively with PBS for 
a total of 15 minutes with 5 changes. The sections were immersed in 0.1 % 
methanol (BDH) in hydrogen peroxide (H2O2) (RDH) to quench all the 
endogenous peroxidase activities. The sections were washed extensively with 
PBS for a total of 15 minutes with 5 changes. The sections were incubated in 
ABC complex for 30 minutes at room temperature. A (Avidin DH) (Vectastain 
ABC Kit): B (Biotinylated enzyme) (Vectastain ABC Kit): C (1% BSA in PBS) 
were prepared in a composition of 1: 1: 100. The A, B and C were mixed at 
room temperature and allow to stand for 30 minutes at 4°C before use. After 
incubation, the sections were washed extensively with PBS for a total of 15 
minutes with 5 changes. The sections were immersed in 0.05 M Tris-buffered 
saline (TBS) at pH 7.2 for 3 minutes. The sections were transferred into a coplin 
jar containing 22 mg 3,3‘-Diaminobenzidine (DAB) (Sigma, D-5637), 5|il H2O2 
in 45 ml 0.05 M Tris-buffered saline (TBS) at pH 7.2 for colour development. 
As the extent of background in the heart sections from different stages mouse 
embryos were different, the time for colour development for heart sections at 
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different stages were different. The colour development time for 10.5 days p.c. 
heart sections was 5.0 minutes, for 11.5 days p.c. heart sections, the colour 
development time was 4.5 minutes while for 12.5 days p.c., the colour 
development time was 4 minutes. The colour development was stopped by 
washing the sections extensively in TBS for 5 minutes. The colour development 
was stopped by washing the sections extensively in TBS for 5 minutes. The 
sections were washed with running tap water and counterstained with 
haematoxylin for 45 seconds, and then washed extensively with running tap 
water. After that, the sections were dehydrated in graded alcohol (75, 85，95 and 
100 %)，cleared with xylene and mounted with Permount (Fisher chemical, UN-
1294) and coverslip (Deckglaser, 24x60 mm). 
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5,3 Results 
5.3.1 Distribution of 2H3 positive cells in the heart developed in vivo 
Hearts were taken out the mouse embryos at 10.5, 11.5 and 12.5 days 
p.c. and stained with the 2H3 monoclonal antibdoy. Li a total of 8 hearts at 10.5 
d.p.c. were stained and none of the 8 heart examined showed positive cells 
(Table 7). A total of 5 hearts were taken from embryos at 11.5 d.p.c. and all of 
them showed similar distribution of positive cells (Table 7). Positive cells were 
scattered as single cells in the epimyocardium of the cardiac outflow tract (Fig 
5.2 A, B), ventricle (Fig 5.3 A, B), atrium (Fig 5.3 A, B) and the mesenchyme of 
the atrio-ventricular junction (Fig 5.4 A, B). Four embryonic hearts taken from 
the embryos at the same stage were used as negative controls. Jn the negative 
controls in which the primary antibody was replaced by phosphate-buffered 
saline, no positive cells were detected (Fig 5.5 A, B). A total of 5 hearts taken 
from embryos at 12.5 d.p.c. were also examined for the presence of 2H3 
immunoreactivity (Table 7). Positive cells were found in the cardiac outflow 
tract (Fig 5.6)，mesenchyme of aortio-pulmonary septum (Fig 5.7 A, B) and the 
epimyocardium of the ventricles (Fig 5.8 A, B) and atria (Fig. 5.9 A, B) (Table 
7). ]n all the 3 negative controls, no labelling cells were found (Fig 5.10 A，B). 
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5.3.2 Development of the heart at 10.5 d.p.c. in organ culture 
A total of 8 embryos at 8.5 d.p.c. were labelled with DiI at the neural 
crest region and then cultured for 48 hours until the embryos reached an 
equivalent developmental stage of 10.5 d.p.c. (Fig 5.1 A). The hearts were 
dissected from the cultured embryos OFig 5.1 B) and put into the organ culture to 
culture for one more day. One day after organ culture, the size of the heart was 
slightly increased (Fig 5.1 C) but if it was compared with the heart directly 
dissected from the embryo at 11.5 d.p.c (5.1 C), the size was relatively smaller. 
The shape of the heart after organ culture was also become spherical (5.1 C). 
When the sections of the cultured heart were examined, the heart appeared 
histological normal. 
5.3.3 Distribution of DiI labelled cells in the heart one day after organ 
culture 
The distribution of the DiI labelled cells in the hearts after organ culture 
were observed and photographed under a epifluorescent microscope with a 
rhodamine filter after the hearts were cryosectioned. The DiI labelled cells were 
observed in several regions of the embryonic hearts developed in vitro (Table 8). 
They were observed in the wall of truncus arteriosis (Fig 5.11 A, B), in the wall 
of conus cordis of cardiac outflow tract (Fig 5.12 A, B) and in the 
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epimyocardium of the ventricle (Fig 5.12 A, B), the atrium (Fig 5. 13 A, B) and 
atrio-ventricular junction (Fig 5.14). 
5.3.4 Distribution of 2H3 positive cells in the hearts one day after organ 
culture 
After examination for the presence of the DiI-labelled cells, the sections 
were stained with the 2H3 monoclonal antibody. 2H3 labelled cells were 
observed as single cells which scattered in the epimyocardium of atrium (Fig 
5.15 A,B), ventricles, cardiac outflow tract (Table 8) and atrio-ventricular 
junctions (Fig 5.16 A, B). The distribution pattem of the 2H3 positive cells was 
very similar to those found for DiI labelled cells (Table 8) which had been 
described in Section 5.3.3. The distribution pattem of the 2H3 positive cells 
found in the heart developed in vitro was also similar to that found in the hearts 






Table 7. Distribution of 2H3 positive cells in the hearts at 10.5 -12.5 days p.c. 
Labelled cells appeared in different regions of the heart* 
Embryonic Epimyocardium Septum in the Epimyocardium Epimyocardium Junction 
stage of cardiac cardiac ofventricles of atria between 
(days p.c.) outflow tract outflow tract atria and  
ventricles 
lO.5a - - . . . 
11.5' + NA + + + 
12.5c + + ++ ++ + 
a: Number of the hearts examined at 10.5 days p.c.= 8. 
b : Number of the hearts examined at 11.5 days p.c.= 5. 
c : Number of the hearts examined at 12.5 days p.c.= 5. 
* - : No positive ceUs were detected 
+ : 1 to 5 labelled cells were detected 
++ : more than 5 labelled cells were detected 
NA : Not applicable because bulbal ridges have not yet fused together to fonn the 
aortiopubnonary septum at 11.5 days p.c.. 
Table 8. Distribution of DiI and 2H3 labelled cells in the hearts developed in 
vitro* 
Labelled cells appeared in different regions of heart**“ 
Wall of Bulbal Epimyo- Epimyo- Junction 
truncus ridges cardium of cardium of between 




DiF + + + + + 
2H3b + + + + + 
a : Number of cultured hearts examined for the presence of DiI labeUed ceUs= 8 
b : Number of cultured hearts examined for the presence of 2H3 labelled ceUs= 8 
* Embryos at 8.5 days p.c. were labelled at the crest region with DiI and then cultured for 48 hours 
in whole embryo culture system before the hearts were isolated for one-day organ culture. 
** - ： No labelled ceUs were detected + : LabeUed cells were detected 
Fig 5.2 
(A) A transverse section taken from a mouse heart at 11.5 days p.c. 
2H3 immuno-positive ceUs (arrows) are found mainly in the waU of 
cardiac outflow tract waU COT. The area enclosed by the box is 
magnified in (B). V, ventricle. Bar = 100 |im. 
(B) At higher magnification of the area enclosed by the box in (A), 
the 2H3 immuno-positive ceUs (arrowheads) are located in the 
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(A) A transverse section taken from a mouse heart at 11.5 days 
p.c., showing that 2H3 iromuno-positive ceUs (arrows) are found 
mainly in the waU of ventricle (V) and atrium (AT). The area 
enclosed by the box is magnified in (B). Bar = 100 jLun. 
(B) At higher magnification of the area enclosed by the box in (A), 
the 2H3 immuno-positive ceUs (arrowheads) are located in the 
epimyocardium of the ventricle (V) and atrium (AT). Bar = 50 ^un, 
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Fig 5.4 
(A) A transverse section taken from a mouse heart at 11.5 days 
p.c., showing 2H3 immuno-positive ceUs (arrows) at the junction 
(*) between atrium (AT) and ventricle (V). The area enclosed by 
the box is magnified in (B). Bar= 100 i^m. 
(B) At higher magnification of the area enclosed by the box in (A), 
the 2H3 immuno-positive cdWs (arrowheads) are located in the 



































































































































































(A) A transverse section taken from a mouse heart at 11.5 days 
p.c., and used for negative control. This section has undergone the 
same procedures of immunostaining as in the experimental sections 
except that the primary antibody is replaced by phosphate buffered 
saUne. No immuno-positive ceUs are found. The area enclosed by 
the box is magnified in (B). AT, atrium; V，ventricle. Bar = 100 
^m. 
(B) At higher magnification of the area enclosed by the box in (A), 




































A transverse section taken at the cardiac outflow tract of a mouse 
heart at 12.5 days p.c. showing 2H3 immuno-positive ceUs 
(arrowheads) in the waU of the cardiac outflow tract (COT). Bar = 
100 i^m. 
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(A) A section taken from a mouse heart at 12.5 days p.c. showing 
2H3 immuno-positive ceUs (arrows) in the mesenchyme of the 
septum of the cardiac outflow tract (S). The area enclosed by the 
box is magnified in (B). Bar = 100 ^un. 
(B) At higher magnification of the area enclosed by the box in (A), 
2H3 immuno-positive ceUs (arrowheads) are located in the septum 





















































































































(A) A section taken from a mouse heart at 12.5 days p.c. showing 
2H3 immuno-positive ceUs (arrows) widely distributed in the 
epimyocardium of the ventricle V. The area enclosed by the box is 
magnified in (B). Bar = 100 ^un. 
(B) At higher magnification of the area enclosed by the box in (A), 
2H3 immuno-positive ceUs (arrowheads) are located in the 
epimyocardium of ventricle (V). Bar = 50 ^un. 
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Fig 5.9 
(A) A section taken from a mouse heart at 12.5 days p.c. showing 
a 2H3 immuno-positive ceH (arrow) in the epimyocardium of the 
atrium (AT). The area enclosed by the box is magnified in (B). Bar 
=100 ^im. 
(B) At higher magnification of the area enclosed by the box in (A), 
a 2H3 immuno-positive ceUs (arrowhead) is located in the 



















(A) A transverse section taken from a mouse heart at 12.5 days 
p.c., and used for negative control. This section has undergone the 
same procedures of immunostaining as in the experimental sections 
except that the primary antibody is replaced by phosphate buffered 
saUne. No immuno-positive ceUs are found. The area enclosed by 
the box is magnified in (B). V, ventricle. Bar= lOO^m. 
(B) At higher magnification of the area enclosed by the box in (A), 
no immuno-positive cells are found. V，ventricle. Bar = 100 |nm. 



















(A) A transverse section taken from a mouse heart which has been 
cultured for 24 hours in organ culture. An embryo was first 
labeUed with DiI at the cardiac neural crest region and then cultured 
in a whole embryo culture system for 48 hours before the heart was 
dissected out for another 24-hours culture in an organ culture 
system. DiI labeUed ceEs (arrowheads) are observed in the waU of 
truncus arteriosus (TA). The area enclosed by the box is magnified 
in (B). AW, atrial wall; V, ventricle. Bar = 100 ^m. 
(B) At higher magnification of the area enclosed by the box in (A), 
DiI labeUed ceUs (white arrows) are located in the epimyocardium 




(A) A transverse section taken from a mouse heart which has been 
cultured for 24 hours in organ culture. An embryo was first 
labeUed with DiI at the cardiac neural crest region and then cultured 
in a whole embryo culture system for 48 hours before the heart was 
dissected out for another 24-hours culture in an organ culture 
system. DiI labeUed ceUs (arrowheads) are observed in the waU of 
conus cordis (CC) and the ventricular waU (V) under an 
epifluorescent microscope with a rhodamine filter. The area 
enclosed by the box is magnified in (B). AW, atrial waU. Bar = 
100 ^m. 
(B) At higher magnification of the area enclosed by the box in (A), 
DiI labeUed ceUs (white arrows) are located in the epimyocardium 
of the ventricle (V) and the waU of conus cordis (CC). Bar = 50 
^im. 
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Fig5.13 
(A) A transverse section taken from a mouse heart which has been 
cultured for 24 hours in organ culture. An embryo was first labeUed 
with DiI at the cardiac neural crest region and then cultured in a 
whole embryo culture system for 48 hours before the heart was 
dissected out for another 24-hours culture in an organ culture 
system. DiI labeUed ceUs (arrowheads) are observed in the atrial 
waU (AW). The area enclosed by the box is magnified in (B). V， 
ventricle. Bar = 100 pm. 
(B) At higher magnification of the area enclosed by the box in (A), 
DiI labeUed ceUs (white arrows) are located in the epimyocardium 
of the atrial wall (AW), Bar = 50 ^m. 

Fig5.14 
(A) A transverse section taken from a mouse heart which has been 
cultured for 24 hours in organ culture. An embryo was first labeUed 
with DiI at the cardiac neural crest region and then cultured in a 
whole embryo culture system for 48 hours before the heart was 
dissected out for another 24-hours culture in an organ culture 
system. DiI labeUed ceUs (white arrows) are observed in the 
mesenchyme of the atrioventricular junction (*) between the atrium 
(AT) and ventricle (V). Bar = 100 ^m. 

Fig5.15 
(A) A transverse section taken from a mouse heart which has been 
in the organ culture for 24 hours. A 2H3 labeUed ceU (arrow) is 
found in the epimyocardium of the atrium (AT). The area enclosed 
by the box is magnified in (B). V，ventricle. Bar = 100 ^m. 
(B) Higher magnification of the area enclosed by the box in (A) 
showing the 2H3 positive ceU (arrowhead) in the epimyocardium 
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(A) A transverse section taken from a mouse heart which has been 
in the organ culture for 24 hours. A 2H3 labeUed ceU (arrow) is 
found in the mesenchyme of the atrioventricular junction (*) 
between the atrium (AT) and the ventricle (V). The area enclosed 
by the box is magnified in (B). Bar = 50 ^m. 
(B) Higher magnification of the area enclosed by the box in (A) 
showing the 2H3 positive ceU (arrowhead) in the mesenchyme of 
the atrioventricular junction (*) between the atrium (AT) and 
ventricle (V). Bar = 50 ^un. 
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5,4 Discussion 
5.4.1 Relationship between 2H3 positive cells and cardiac conduction 
system 
From the results of the 2H3 immunohistochemical staining, it was 
shown that 2H3 positive cells scattered as single cells mainly in the 
epimyocardial layer near the outer surface of the heart. The 2H3 positive cells 
distributed in the epimyocardium of conus cordis, ventricular and atrial wall. 
They also exhibited a preferential localization in the region of the tmncus 
arteriosus at the level of the atrium. The distribution of the positive cells was 
however different from the distribution patterns of the conducting cells described 
in the studies by Dceda et al. (1990) on the human and rat embryonic hearts, by 
Gorza and Vitadello (1989) and Vitadello et al. (1990) on the embryonic and 
adult rabbit hearts and by Nakagawa et al. (1993) on the rat embryonic heart. 
These studies showed that the conducting cells of the heart appeared in the 
subendocardial layer of the right dorsal atrial wall, endocardial cushion and 
interventricular septem rather than in the epimyocardial layer where 2H3 
immunopositive cells were found. Furthermore, cells of the conduction system 
located at the atrioventricular and sinoatrial junctions had a ring-like distribution 
which was found in the distribtion pattem of the 2H3-positive cells. The 
discrepancies between the distribution of the 2H3-positive cells and the location 
of the conducting cells in the heart suggest the antibody 2H3 is not able to detect 
the early appearance of the conduction cells. However, it has to be noted that in 
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the mouse, the exact locations of the early conducting cells were still unknown 
and the current information on the conduction system of the early developing 
heart is merely based on the extrapolation from other mammalian species (Gorza 
and Vitadello, 1989; Dceda et al., 1990; Nakagawa et al., 1993; Vitadello et al., 
1990). Nevertheless, the differences in the locations in the myocardial layer 
(subendocardial region VS epimyocardial region) and the distribution patterns 
(ring-like VS scattering) between the conducting cells and the 2H3-positive cells 
indicate that the 2H3-positive cells found in the present study are highly unlikely 
to be the conducting cells in the heart. 
The antibody 2H3 is the antibody which recognizes neurofilaments of 
molecular weight 166 kDa. The positive cells detected by the antibody in the 
developing heart should therefore contain neurofilaments. Apart from the 
conduction system, the most possible structure in the embryonic heart that 
consists of neurofilament is the cardiac ganglion. Studies on the chick embryo 
showed that neural crest cells in the hindbrain migrated ventrally to the locations 
near the exits of the major arteries (pulmonary trunk, aorta and coronary arteries) 
from the heart and formed cardiac ganglia and plexuses on the epicardial 
surfaces of the heart (Kirby and Stewart, 1983). Li the present study, one major 
site where 2H3-positive cells were highly concentrated was the epimyocardial 
surface near the presumptive exit of the coronary arteries form the outflow tract. 
The positive cells also form clumps of cells at the proximal end of the 
pulmonary and coronary arteries. The locations of these 2H3-positive cells 
indicate that they may be the precursor cells for the cardiac ganglia. This 
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suggestion can be further substantiated by using immunohistochemical staining 
specific for neurotransmitters of the ganglia such as staining for 
acetylcholinesterase (Thompson and Hunt, 1966). Besides the epimyocardial 
surface of the outflow tract, some of the 2H3-positive cells were found in the 
epimyocardial layer of the ventricular and atrial walls. The derivatives that these 
2H3-positive cells can form later in development were still unknown. 
5.4.2 Development of the mouse embryonic heart in vitro 
Lranunohistochemical staining showed the 2H3-positive cells were not 
detected in the heart at 10.5 d.p.c. and the earliest stage at which the 2H3-
positive cells were detected was 11.5 d..p.c. However, the whole embryo 
culture can only support the growth of the mouse embryo in vitro during the 
period from 8.5 d.p.c. to 10.5 d.pc. Hence, in order to examine the relationship 
between the DiI labelled cells (cardiac neural crest cells) and the 2H3 
immunopositive cells of the developing heart, an in vitro organ culture (Conway 
et al., 1997) was employed to support the growth of the 10.5 d.p.c. mosue heart 
for one more day in vitro until 11.5 d.p.c., at which stage 2H3-positive started to 
appear. The cardiac neural crest region was hence firstly labelled with DiI and 
the whole embryo was cultured until 10.5 d.p.c. The hearts were then isolated 
from the embryo after the whole embryo culture and put in organ culture to 
culture for one more day. 
Although organ culture techniques for fetal or neonatal hearts have been 
developed for years (Wildenthal, 1971; Tanka and Shigenobu, 1989; Sorokin et 
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al.，1994; Conway at al., 1997)，there were no established procedures for 
culturing mouse embryonic hearts at the early-somite stage. Most of the culture 
methods developed are for the short term-culture of the embryonic heart, among 
which the method used by Conway et al. (1997) was good for supporting the 
growth of the early mouse heart for one day. After one-day culture, there was no 
significant differences in size between the cultured heart at 11.5 d.p.c. with the 
heart developed in vivo at the equivalent stage. Although the shape of the heart 
after culture became spherical, the extent of morphogenesis including the 
looping of the heart, formation of the bulbal ridges and the septation in the 
atrium and ventricle was very similar to that observed in the heart developed 
inside the embryo. Despite the fact that the size of the heart in organ culture fell 
behind that of the heart at the equivalent stage, it was suggested that the 
positions of the DiI-labelled cells and the 2H3-positive cells in the heart after 
culture should reflect the locations of the cardiac neural crest cells if the heart 
was developed in vivo, 
5.4.3 Distribution patterns of the 2H3 immunopositive cells in the hearts 
developed in vitro and in vivo 
The results on the 2H3 immunostaining showed that the distribution 
pattem of 2H3 immunopositive cells in the heart developed in the organ culture 
system was similar to that in the heart developed in vivo at the equivalent stage. 
Similar to the heart devloped in vivo, the 2H3 positive cells in the cultured heart 
were also localized in the epimyocardium of the atrium, ventricle and truncus 
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arteriosus. The 2H3 immunopositive cells were more frequently found at the 
epimyocardial layer of the conuscordis of the cardiac outflow tract although the 
number of 2H3 positive cells found in the bulbal region was smaller. From the 
distribution pattems of the 2H3 positive cells in the heart developed in vivo and 
in vitro, it is suggested that the heart organ cultured system would not alter the 
distribution pattem of 2H3 positive cells too much within the culture period. 
5.4.4 Relationship between the DiI labelled cells and 2H3 
immunopositive cells 
Similarities between the distribution pattems of the DiI-labelled cells and 
the 2H3-positive cells were found: 
a. Both the DiI-labelled cells and the 2H3 positive cells were found in the 
epimyocardial layer near the outer surface of the heart; 
b. They were both located in the outflow tract, ventricular wall and atrial wall; 
and 
c. They were both frequently found in the epimyocardial layer of the outflow 
near the exits of the major arteries. 
The similar distribution of the DiI-labelled cells and the 2H3 positive 
cells highly suggests that some of the 2H3 positive cells were the DiI-labelled 
cells. Li other words, some of the 2H3 positive cells in the developing heart 
were derived from the cardiac neural crest. However, when the sections 
containing DiI-labelled cells were stained for 2H3 positive cells, no one single 
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cell was found to be DiI-labelled as well as 2H3 positive. A total of 7 embryonic 
hearts after organ culture showed DiI-labelled cells and all of them were 
examined for the presence of the 2H3 positive. None of them showed 2H3 
positive signals on the DiI-labelled cells. The explanation for the absence of 2H3 
signals on the DiI-labelled cells may be that since only a small number (4 to 14) 
of DiI-labelled cells was found in each of the heart, the chance of getting 2H3 
signals on that small number of DiI-labelled is very small. It is therefore possible 
that when the sample number is increased, the chance of finding co-localization 
of DiI and 2H3 signals on the same cell will be more favorable. 
Nevertheless, it still cannot exclude the possibility that DiI labelled cells 
do not express the specific type of epitope that was specifically recognized by 
the 2H3 monoclonal antibody. After organ culture, some DiI-labelled cells were 
found in the bulbal ridge of the cardiac outflow tract. Kirby and Waldo (1990) 
found in the chick embryo that cardiac neural crest cells migrate to the bulbal 
ridge undergo cytodifferentiation and participate in the formation of the 
ectomesenchymal components of the outflow tract septum and walls of the great 
arteries. Studies on mouse neural crest by Conway et al., (1997) showed that 
persistent truncus arteriosus, in which septation of cardiac outflow tract is 
entirely or partially absent (Franz, 1989)，was found in most of the Splotch (Sp) 
mutant mouse, and there was no detectable Pax3 positive cells in over 50% of 
Sp/Sp mutant embryos at 10.5 d.p.c. They also showed that Pax2 was expressed 
transiently but specifically in cardiac neural crest cells. Hence the reduction of 
the Pax2 positive cells in the Splotch mutant indicated that there was a severe 
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reduction or absence of cardiac neural crest cells in the Splotch mutant embryo 
which led to failure of septation of the outflow tract. Thus, the mammalian 
heart appears to require neural crest cells for the outflow tract to undergo normal 
septation. ]n the present study, it is likely that the DiI-labelled cells found in the 
bulbal ridge of the outflow tract may participate in the formation of the septum 
between the great arteries instead of forming the conducting tissues or the 
cardiac ganglia. 
5.4.5 Genes that express in the cardiac neural crest cells 
Apart from the cardiac outflow tract, DiI labelled cells also appeared in 
the wall of ventricles and atria. These findings have not been reported 
previously and the derivatives of these DiI labelled cells are not known. It is 
known that, in mouse, many genes including PDGF receptor a-subunit {Pdgfra 
)，retinoic acid receptors (RARs), neurofibromatosis-1 {NF-1), endothelin-1 (ET-
1) and Sox-4. (Conway et al., 1997) are involved in the cardiac neural crest cells 
development. When these genes are mutated, several abnormal phenotypes in 
the embryonic hearts are observed. For example, Pdgfra is deleted in the Patch 
(Ph) mouse (Smith et al., 1991) which exhibits cardiac abnormalities including 
conotruncal defects (Schatteman et al., 1995). Mice doubly homozygous for 
RAR mutations ap2 and ay also develop conotruncal heart abnormalities, 
ventricular septal defects and aortic arch defects (Medelsohn et al., 1994). A 
targeted mutation in NF-1 has been reported to produce double outlet right 
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ventricle (Brannan et al., 1994; Jack et al., 1994). to Sox-4 knockout mouse 
(Schilham et al., 1996)，common arterial trunk defects occur in a similar fashion 
to the Splotch mutant. Hence many genes are involved and expressed in the 
cardiac neural crest cells, and mutation of these genes and subsequent analyses 
on the abnromalities induced after mutation would give us information on the 
possible derivatives of the cardiac neural crest cells in the heart. 
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Chapter Six. Conclusion 
It has long been known that cardiac neural crest cells play a complex role 
in heart development, but the precise location of the cardiac neural crest region, 
migration pathways of the cardiac neural crest cells and the final location of the 
crest cells in the developing mouse heart are largely unknown. Jn the present 
study, by using a combination of labelling technique with two different 
exogenous dyes, orthotopic grafting of tissue fragment and whole embryo 
culture, it was shown that the cardiac neural crest region of the neural tube was 
located at the cranio-caudal level of somite 1 to somite 4. Neural crest cells 
derived from this region of the neural tube contributed to cells in the developing 
heart. This finding agrees with that found in the rat embryo (Fukiishi and 
Morriss-Kay, 1992) but is different from the finding in the chick embryos where 
the cardiac neural crest region extended from the mid-otic region to the caudal 
limit of the somite 3 (Kirby and Waldo, 1990). Neural crest cells derived from 
the mouse neural tube at the level of somite 1 to somite 3 started to migrate from 
the lateral margins of the neural tube at the 7-somite stage. The migration from 
the neural tube at this level continued until the 23-somite stage at which no more 
cells were found to come out of the neural tube at the level of somite 1 to somite 
3. Once the cardiac neural crest cells were in the mesenchyme, they migrated 
along three different pathways: (1) in the mesenchyme lateral to the neural tube 
but medial to the somite (2) in the subectodermal mesenchyme between the 
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surface epithelium and the somite and (3) in the mesenchyme between two 
consecutive somites. At the 17-somite stage, the neural crest cells had already 
passed the somite and moved to more ventral positions. They were found to 
scatter in a pathway extending from mesenchyme on the dorsal side of the neural 
tube to the mesenchyme dorsolateral and lateral to the primitive pharynx. At this 
stage, the third, fourth and sixth branchial arches had not yet fully developed, 
and the neural crest cells were arrested temporarily in the mesenchyme 
dorsolateral to the pharynx without further ventral migration. At the 21-somite 
stage, the third branchial arch underwent expansion, and some of the cardiac 
neural crest moved into the expanding third branchial arch which is lateral the 
pharynx. However, the neural crest cells were still at the same dorso-ventral 
level as at the 17-somite stage. Similar temporary arrest of the ventral migration 
of the cardiac neural crest cells was also observed in the chick embryo (Kuratani 
and Kirby, 1991). By the 26-somite stage, the neural crest cells resumed their 
ventral migration. Besides moving into the branchial arch, some of the cardiac 
neural crest also migrated into the mesenchyme ventral to the pharynx. At this 
stage, cardiac neural crest cells spread dorso-ventrally from the mesenchyme 
dorsal to the neural tube to the mesenchyme ventral to the pharynx. At the 32-
somite stage, the neural crest cells continued their ventral migration and some of 
them reached the developing heart. Apart from the pathway which extends from 
the mesenchyme dorsal to the neural tube to the mesenchyme ventral to pharynx, 
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the cardiac crest cells were also found in the third, fourth and sixth branchial 
arches and in the outflow tract, ventricular wall and atrial wall. 
When inert non-living latex beads were incorporated into the cardiac 
neural crest region, the latex beads were found to move along the same pathway 
as the cardiac neural crest cells. They moved in the mesenchyme lateral to the 
neural tube. The most ventral location where the latex beads could reach was 
the mesenchyme later the dorsal aorta. From the distribution of the latex beads, 
it was suggested that the early migration of the cardiac neural crest cells was 
partially, or entirely passive. They may be moved en bloc with the surface 
epithelium and the surrounding mesenchyme to go as ventral as to the level of 
dorsal aorta. Similar en bloc movement has been suggested based on the study 
on the chick neural crest cells (D'Amico-Martel and Noden, 1983; Noden, 
199¾. Ventral to the level of the dorsal aorta, the migration of cardiac neural 
crest was mainly active, moving against the relatively static mesenchyme to their 
specific ventral locations. 
Studies on the chick suggest that the cardiac neural crest cells play a 
complex role in the heart development (Kirby and Stewart, 1983，Kirby and 
WaMo，1990; Kirby, 1993，Kirby and Creazzo, 1995). One of the major 
contributions of the neural crest cells in the heart is their participation in outflow 
separation. When the neural crest cells are absent or deficient in the outflow 
tract, persistent truncus arteriosus may result as observed in DiGeorge syndrome 
(Kirby and Creazzo, 1995). The other contributions in the cardiac region is the 
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formation of the cardiac ganglia. Cells derived from the cardiac neural crest 
region migrate to the region of cardiac ganglia and form cells of the ganglia. 
Another possible role of 'the cardiac neural crest cells in the heart is the 
formation of cells of the conduction system (Gorza et al, 1988a，b; Gorza and 
Vitadello, 1989). However, at the 32-somite stage when the neural crest cells 
reached the heart, the heart has not yet undergone its final differentiation. The 
cells in the heart are not well differentiated and the cells types that the neural 
crest cells in the heart can give rise to cannot be known merely based on their 
histological appearance. Hence, an organ culture was employed to support the 
growth of the heart in vitro for one more day before the heart was analysed for 
its cell types. 
A monoclonal antibody which recognizes the epitopes on the 
neurofilaments of 166 kDa was used to examine the presence of cells containing 
embryonic neurofilaments. 2H3 positive cells were found in the region of future 
cardiac ganglia, and the cardiac neural crest cells were also frequently located in 
the same region. It is therefore proposed that the cardiac neural crest cells 
between major arteries and at the exits of the coronary arteries from the heart 
were the precursor cells of the cardiac ganglia in the mouse embryo. The cardiac 
neural crest cells that populated the mesenchyme of wall of conus cordis were 
however not 2H3 positive and therefore they were not cells containing 
neurofilaments. Based on their locations in the wall of conus cordis, it is 
suggested that they may participate in the formation of the aortiopulmonary 
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septum which separates the aorta and the pulmonary trunk during cardiogenesis 
(Kirby et al.，1983; Kirby at al., 1985; Kirby, 1993). 
Although 2H3 is able to stain up embryonic neurofilaments (Lee et 
al.,1995), the cells in the subendocardial layer of the sino-atrial region, 
atrioventricular region and interventricular region, which were the presumptive 
locations for conduction system in the heart, were not stained by the antibody. 
Listead’ the 2H3 positive cells were mainly localized in the epimyocardial layer. 
It is therefore unlikely that 2H3 positive cells are the cells ofconduction system. 
On the other hand, since the distribution patterns of the 2H3 positive cells and 
the neural crest cells (DiI-labelled cells) in the heart were similar, it is indicated 
that the neural crest cells may not be the precusors of the cells in the conduction 
system. 
Li the present study, the embryo culture system has been improved so 
that the 8.5 d.p.c. mouse could be cultured for up to 48 hours without any 
abnormalities formed. However, in terms of the migration of the neural crest 
cells, the culture period is still long enough to support the development of the 
heart until its final differentiation. At 10.5 d.p.c. (48 hours from 8.5 d.p.c.), the 
cardiac neural crest cells have just reached the cardiac region and their cellular 
differentiation will not take place until one or two days later. Hence, the organ 
culture in combination with the whole embryo culture provide a longer period of 
development in vitro for the heart. The organ culture used in the present study, 
however, could only support the development of the heart for one day only. 
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After culture for one more day, that is, in the culture for a total of two days, 
m.assive cell death appeared and the size was dramatically reduced as compared 
with the heart developed in vivo, ff the organ culture can be improved so that it 
can support the in vitro development of the heart for several days, more 
information on the final cellular differentiation of the neural crest cells can then 
be obtained. Actually several organ culture techniques had been tried in the 
present study and the one used in the present study is the best in supporting the 
in vitro development of the mouse heart at 10.5 d.p.c. 
fo conclusion, in the present study, the region along the mouse neural 
tube where the neural crest cells contributed to cells in the developing heart was 
defined as the cardiac neural crest and the cells that migrated from this region are 
termed cardiac neural crest cells. The migration pathways of the cardiac neural 
crest cells in the mesenchyme was established. It is proposed that the neural 
crest cells in the heart may participate in the formation of the aortiopulmonary 
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Preparation of PB1 Medium 
1. Dissolved one pack of Dulbecco's Phosphate Buffer Saline (GffiCO BRL, 
11500-030) in 900 ml doubled distilled water at room temperature and stir 
gently for half an hour. 
2. After all the chemicals have completely dissolved, add 4 g/ L of bovine serum 
albumin (Sigma, A-9418) into the solution. Allow the albumin to dissolve 
without stirring because this will cause some of the protein to denature. 
3. Wait until all the components have completely dissolved, then adjust the pH of 
the solution to 7.1 to 7.2 with lN HCL or lN NaOH because pH will rise after 
filtration. 
4. Add more distilled water to bring the final volume to 1 litre. 
5. The medium is sterilized by filtration through a 0.22 i^m millipore filter under 
negative pressure. 
6. The mixture is kept at 4°C and can be stored for a maximum period of 4 




Preparation of phosphate-buffered saline (PBS) (GIBCO BRL, 21600-010) 
for washing embryos before Hxation 
1. Add the powdered PBS to 800 ml of distilled water and stir it gently. The PBS 
power for 1 litre PBS solution containing: 
Na2HPO4 1 . 1 5 g 
NaCl 8.00g 
KH2PO4 0.20g 
2. Rinse the package with distilled water to remove all traces of powder, and add 
to the solution in step 1. Stir gently until all salts dissolve. 
3. While stirring, adjust the solution to pH 7.35 to 7.45 with lN HCL or lN 
NaOH. 
4. Add more water to bring the final volume to 1 L. 
5. The solution is placed inside 250 ml bottle and sterilized by autoclaving at 




Extraction of Rat Serum 
A. Materials 
1 • A big glass jar with a glass lid and lined inside with paper towel 
2. A small glass bottle containing cotton wool 
3. Di-ethyl ether (Merck, K21248521444) 
4. 1 pair of scissors 
5. 2 pairs of coarse forceps 
6. One type of polystyrene tubes (Falcon, 2051) (17x 100 mm) with caps, One 
type without cap (Nunc, 355581) 
7. Centrifuge (Hettich Universal II) capable of 2200 rpm 
8. 20 ml sterile syringes 
9. 21 G xl 1/2 inches syringe needles 
10. 70% alcohol in squeeze bottle 
11. Adult or retired breeder male Sprague-Dawley (SD) rat (approximately 400 
500 g) 
B. Procedure 
1. Pour a small amount of ether, just enough to moisten the paper towel, into the 
glass jar. Cover the jar with the lid. 
2. Place a rat inside the jar until it becomes unconscious. 
3. Remove the anaesthetized rat from the jar, and lay it down on the bench of the 
fumehood. The anaesthetized condition is maintained by covering the mouth 
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— Appendix and nose of the rat by the ether-moistened wool containing small bottle. Care 
should be taken to prevent the rat from inhaling too much ether otherwise the 
rat will be killed by the ether. 
4. Moisten the abdomen of the rat by 70 % alcohol, open up the abdominal wall 
and expose the dorsal aorta by displacing the intestine and fats. 
5. Once the dorsal aorta is located, remove the bottle containing ether from the 
rat to reduce the concentration of ether in blood. As the ether concentration in 
blood is reduced, the colour of the blood changes from black to pink. 
6. Once the colour of the blood tums pink, puncture the aorta immediately with 
syringe needle. The bevel end should be faced downward otherwise the blood 
will splash onto your face. 
7. Withdraw the blood gently into the syringe, and do not pull too hard on the 
plunger as it will lyse the erythrocytes and degrade the quality of the serum. 
8. Empty the blood down the side-wall of the centrifuge tube and spin it 
immediately for 5 minutes at 2200 rpm. 
9. After centrifugation, the plasma usually clotted, slide the tip end of a sterile 
pipette down the wall of the tube to detach the clots form the wall of the tube, 
then spin the plasma for 20 minutes at 3000 rpm. The centrifugal force will 
compress the clot and release the serum as supernatant. Dispense the serum in 
the new sterile capped tube. 
10. Store the serum at - 2 0 � C for future use. 
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Preparation of 4% Paraformaldehyde 
1. Heat up 100 ml PBS to nearly boiling on a hot plate. 
2. While gently stirring, add 4 g of powdered Paraformaldehyde (BDH, 16005) 
into the PBS. 





Preparation of Carnoy，s fixative 
Before use, freshly mix the components at room temperature as follows: 
1. 60% Absolute alcohol (Merck, K22707783607) 
2. 30% Chloroform (Beijing Chemical Works, 27710-4K) 




Preparation of 3-Aminopropyltriethoxy-Silane coated glass subslide 
1. Sonicate the glass slide soaked in detergent, Decon 90, for 15 minutes. 
2. Wash extensively under running tap water. 
3. Wash the glass slide (Anchor, 7101) with series changes of double distilled 
water. 
4. Dry the slide in oven ovemight. 
5. Dip the slides in 3-Aminopropyltriethoxy-Silane solution (Sigma, A-3648), 12 
ml 3-Aminopropyltriethoxy-Silane solution in 400 ml acetone (Farco, 27023-
4K), for 5 seconds with gentle agitation. 
6. Drain away the excess silane and wash with acetone. 
7. Wash with series of double distilled water. 




Preparation of Silver Developer 
Mix the following filtered stock solutions in total darkness: 
Stock A 
1. 225 ml double distilled water 
2. 7.05g Tri-sodium citrate (BDH, 102424L) 
3. 7.65g Citric acid (Beijing Chemical works, 27781- 4 I) 
4. 2.55g Hydroquinone (BDH, 10312) 
Stock B 
1. 45 ml distilled water 
2. 0.33g Silver lactate (Fluka, 85210) 
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